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FINAL REPORT

DYNAMIC ANALYSIS OF
KNIGHETVILLE DAM

SUMMARY

Knightville Dam is located on the Westfield River, approxi-

mately 4% miles north of the town of Huntington, Massachusetts.
This dam is a 1200-foot long hydraulic £ill structure having a
maximum height of 160 feet. The embankment consists primarily
of three earth zones: a central relatively fine grained core
zone, upstream and downstream hydraulic shell zones, and an
upper impervious £ill zone. The dam is owned and operated by
the U.S. Army Corps of Engineers, New England Division and is
considered to be a high hazard dam,

In 1977 Knightville Dam was investigated for seismic
stability, since the embankment materials'were considered to
be highly susceptible to liquefaction under earthgquake shaking.
The investigation was completed in 1981; recommendations in-
cluded that a comprehensive dynamic analysis utilizing state-
of~the~art procedures be performed. The resulfs of this com~
prehensive analysis are presented herein.

For this work, a field testing program was performed in
order to determine the characteristics of the embankment and
foundation, to obtain soil samples for laboratory testing and
to perform a seismic wave velocity measurement survey. The
pregram consisted of exploration and sampling and a cross-hole,
down~hole and surface wave measurement survey at crest and
downstream borehole locations. Disturbed and "undisturbed"
samples were.obtained for laboratory testing using split-spoon,
stationary piston and Pitcher~type samplers., Due to the coarse
nature of the shell material, few undisturbed samples were ob-
tained in this material. ‘



The results of the seismic survey were used to compute
the in situ dynamic soil properties, including shear modulus
(G) and Poisson's Ratio (v). Because of difficulties experienced
during the survey, only values of shear moduli could be computed.
These values were assumed as the maximum values (Gmax) in the
dynamic analysis.

Static and dynamic laboratory tests were performed on
disturbed, but representative, and "undisturbed" samples. Both
programs included standard index tests, For the static testing
program, both isotropic and anisotropic stress-controlled con-
solidated-undrained (R) and drained (S) triaxial compression
tests were performed. The dynamic laboratory testing program
included isotropic and anisotropic cyclic load triaxial (CR)
tests, resonant column (RC) tests, and small strain traxial .
(E) tests.

Test specimens for both testing programs consisted of
"undisturbed" core samples and compacted shell specimens. Due
to the few number of "undisturbed" shell samples available for
testing, it was necessary to reconstitute the samples in the
laboratory for strength testing,

A seismic hazard analysis was performed by Prof, Nafi Toksoz,

TAMS Seismological Consultant, in order to establish earthquake
parameters to be used in the dynamic analysis. Based on the re-
gional and local studies performed, Prof. Toksoz concluded that
the Maximum Credible Earthquake would occur at Cape Ann, Massa-
chusetts and would have a body magnitude of 6.5 and a peak base
rock acceleration of 200 cm/secz. For the Opérating Basis Earth-
guake, Prof, Tcksoz concluded that the event would also occur at
Cape Ann and would have a body mangnitude of 5.5 and a peak base

rock acceleration of 84 cm/secz.'

On January 19, 1982 an earthquake of m, = 4,7 occurred in
Gaza, New Hampshire, This earthguake was useful in this study

because for the first time strong motion records became available



for an earthquake of known magnitude in New England. The avail-
able information was used by Prof. Toksoz during his study.

The earthquake record which was chosen for the analysis

'is the Puddingstone Reservoir record which was recorded in

southern California during the 1971 San Fernando earthquake,

The use of this record was recommended by TAMS Earthquake En-
gineering Consultant, Prof., : Robert Whitman, and was scaled for
use as the Operating Basis (0,086g) and Maximum Credible (0.2044q)
earthquake events. The record has a duration and frequency
consistent with those recommended by Prof. Toksoz.

In order to perform a comprehensive dynamic response
analysis, it was first necessary to evaluate the stressgs in the
dam prior to earthgquake shaking. A finite element computer pro-
cedure entitled FEADAM was used to evaluate these stresses. For
this study the static stresses were computed at two embankment
cross sections; Station 8450 and Station 4482, The former station
was selected since it represents the approximate maximum section;
the latter section was selected in order to evaluate the effects
of the thick glacial till foundation on the dynamic response of
the dam.

For the dYnamic analysis, simplified procedures developed
by Seed et. al. were used for the preliminary evaluation of the
embankment behavior during the design earthquakes, The lique-
faction potential of the dam was evaluated on the basis of
standard penetration test (SPT) data obtained during the field
té$ting program and a one-dimensional model of the materials
comprising the dam and foundation. The dynamic stability and
permanent deformation of the dam was then assessed using sim-
plified analytical procedures which considered the predominant
period.bf vibration, spectral acceleration, yield acceleration

" and an idealized rigid block representing a potential sliding

mass of the embankment,



The next step in the analysis was to utilize more
sophisticated computer techniques to determine the liquefac~
tion potential, embankment stability and permanent deforma-
tion., The computer Programs used included: (1) SHAKE - a one-
dimensional dynamic analysis, (2) FLUSH - a two-dimensional
finite element dynamic analysis, (3) STRAIN ~ a post processor
program for FLUSH, (4) SAM4 -~ seismic stability procedure
utilizing Sarma's stability analysis, and (5) YDBHS - a permanent
deformation procedure developed by TAMS,

The results of the study indicate that portions of the
hydraulic core could liquefy under the Operating Basis and
Maximum Credible earthquake events, and tnat in the core ligque-
faction is most likely to occur in the section of the embankment
underlain by the thick glacial deposits.:. The results also in-
dicate that the hydraulic shells, which are considered to be
relatively free-draining, would remain stable (i.e., not liquefy)
under the earthquake events. The results of the seismic sta-
bility and permanent deformation analyses, which assumed that no
post-earthquake shear resistance was available in the core, in-
dicate that the permanent deformation in the dam would not ex-

ceed one-inch.

The analytical techniques used for the assessment of
dynamic dam behavior involve the use of mathematical models
that are based on simplifying assumptions. In addition, the
significant properties of the so0il used in the analytical
methods are determined on the basis of an incomplete knowledge
-0f soil bkehavior., It would be hardly worthwhile to utilize
mere exact mathematical models in view of the difficulty in
determining non-linear properties of the materials comprising
the embankment. However, in view of the wvalid assessment of
the seismic stability of earth dams as obtained from analytical
procedures during recent years, it is reasonable to expect
that the results obtained for Knightville Dam are representa-
tive of the probable performance of the dam during future

earthguakes.



FINAL REPORT
DYNAMIC STABILITY ANALYSIS
OF KNIGHTVILLE DAM
HUNTINGTON, MASSACHUSETTS

I. INTRODUCTION

A, AUTHORIZATION

The engineering services reported herein were
authorized by the U.S. Army Corps of Engineers, New England
Division (NED), under Contract DACW 33-81~C-~0121, Dynamic
Stability Analysis of Knightville Dam, Huntington, Massa-
chusetts, dated 18 September 198l1. The authority for this
project is derived from Public Law 96-367, Public Works
Appropriation Act for FY-1981, approved 1 October 1980.

B. PURPOSE AND SCOPE

Knightville Dam is located on the Westfield River
in Huntington, Massachusetts. The dam is a hydraulic £fill
structure having a maximum height of 160 feet above the river-
bed and a total length of about 1,200 feet. According to the
Corps of Engineers screening criteria, the dam is considered
to be high hazard.

In 1977 the dam was selected as one of six Corps of
Engineer's dams located in New England to be invesﬁigated for
seismic stability. The embankment materials at Knightville
Dam were considered to be highly susceptible to liquefaction
under earthgquake shaking. The investigation was performed
in two phases and included preliminary field, laboratory and
office investigations. Recommendations based on these investi-
gations, which were completed in 1981, included that a compre-
hensive dynamic analysis utilizing state-of-art procedures be
performed in order to assess the seismic stability of the
hydraulic £ill embankment at Knightville Dam.
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In order to perform a comprehensive dynamic analysis,
it is necessary to obtain and/or select the important soil
and earthquake parameters which characterize the embankment
and the geotectonics of the area. For this work these para-
meters were determined from a series of investigations per-
formed by TAMS, and the results were presented to NED in
separate milestone reports, as follows:

e Field Testing Program Report (January 1982}

® Geology and Seismicity Report (April 1982)

e Laboratory Testing Report (May 1982)

The results of these three investigations were then
used to perform a dynamic analysis. The results of the anal-
ysis were presented in the final milestone report entitled,

Dynamic Response Analysis dated September 1982, An attachment

to this report was alsc submitted and included a listing of
sample input and output for all computer programs used in the
dynamic analysis.

The FINAL REPORT presented herein is a compilation of
each of the afcrementioned milestone reports. The REPORT is
submitted in two volumes: the FINAL REPORT (Volume 1} and the

APPENDIX to the FINAL REPORT (Volume 2).



II. DESCRIPTION OF PROJECT

A. GENERAL

Knightville Dam is located on the Westfield River,
approximately 4-1/2 miles north of the town of Huntington,
Hampshire County, Massachusetts, at latitude 42° 17.4'N and
longitude 72° 51.7'W. (West Hampton Quadrangle, Massachusetts,
U.S.G.S., see Plate 1l}). The dam was constructed between
September 1939 and December 1941 as authorized by the "Revised

1936 Flood Control Act for the Conmnecticut River Valley," ‘and
is one in a system of dams conétructed in the Connecticut River
Basin under this Act. The dam is owned and operated by the
U.S. Army Corps of Engineers.

Knightville Dam is a hydraulic earth fill type
structure with a downstream rock toe. ' The ocutlet works
are located at the right abutment and consist of an in-
take channel, an intake structure with trash racks, a
combined wet-well type intake tower and superstructure
and a l6-foot diameter tunnel through rock. The flow
through the tunnel is controlled by gates mechanically
operated from the gétehouse above. The spillway is lo-
cated on the right abutment adjacent to the dam and has
a fixed crest at elevation 610 feet (NGVD}*. The impor-
tant project features are shown on Plate 2, and a more
detailed description of these features is presented be-
low.

B. EMBANKMENT

The embankment is a 1200-foot long hydraulic fill
structure having a maximum structural height of approximately
160 feet. The crest of the dam is at approximate El 630 and
is 30% feet wide. The upstream and downstream slopes are 1
Vertical to 3 Horizontal (1V:3H) from the foundation to ElL 610,

* Unless otherwise noted, all elevations are with respect to
National Vertical Geodetic Datum (NGVD)
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‘and 1v:2.5H from E1 610 to Bl 630. The slopes are protected

with riprap which varies in thickness from approximately 3

feet at the crest to 9 feet at the toe. The downstream em-
bankment toe is supported by a 70-foot high concrete retaining
wall; there is a rock toe at all other locations along the base
of the upstream and downstream slopes. Plate 3 shows overview
photographs of the embankment.

_ The embankment consists primarily of three earth
zones: a central hydraulic core, outer hydraulic shoulders
(or shells) and an upper cap section. The core and shoulders
were constructed to approximate El 605 using the hydraulic £ill
method of construction. This method was used to separate the
fine and coarse fractions of the borrow materials for the cen-
tral core and outer shells, respectively. The upper cap, be-
tween E1 605 and El 630 (top of dam), consists of an impervious
rolled f£ill directly above the core; the cap is flanked by a
compacted pervious material on each side. According to the
U.S. Army Corps of Engineers (1941), a layer of boulders was
'placed on top of the hydraulic core to serve as a working mat
for placement of the overlying rolled £ill material.

C. OUTLET WORKS

The outlet works, which are located on the right
abutment of the dam, consist of an intake channel, an intake
structure with trash racks, a tunnel section and an outlet
portal, as described below.

1. TIntake Channel

The intake channel is 30 feet wide and 250 feet
long. The channel is excavated in rock with side slopes of
4 on 1 and has a bottom elevation of 480 feet. (See Plate 4).
As previously mentioned, the winter poecl is maintained at
El 520 feet. |
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Downstream rock fill slope with top of concrete toe wall at left.

Top of dam, upstream slope and intake tower.

FROM: U. S. Army Corps of Engineers (1973)
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2. Intake Tower

The intake tower is located on the up-
stream slope of the dam over the outlet works (See Plate 3).
The intake structure has trash racks and a bell-mouth inlet
which leads into the gate section and is concrete lined through-
out. Flow through the tunnel is controlled by three self-
closing caterpillar type service gates (Broome Gates), each
6 feet wide by 12 feet high. Emergency gate slots are pro-
vided immediately upstream of the service gates. The gate
section is lined with semi-steel conduits from the emergency
gate to a point 12 feet downstream of the service gates. The
gate tower is reached from the embankment by a 3 span service
bridge. 1Individual electrically powered cable hoists are lo-
cated at the operating floor level over each of the gate wells
for raising and lowering the service gates. An overhead electric
traveling crane, 65-ton capacity, is used for the operation of

the single emergency gate.

3. Service Bridge

Access to the control tower is provided by
a service bridge with three 70'~-0" spans. Each span con-
sists of two plate girders, 5 feet deep and 71 feet long.
The bridge has a length of about 214 feet, a roadway width

of 12 feet between curbs.

4. Tunnel and Outlet Portal

Flow from the 3 gated sections passes into
a 52-foot long transition section which leads into a
16-foot diameter concrete lined circular tunnel that is
500 feet long and ends with a 30-foot long transition
section to the outlet portal. The last 30 feet of the tunnel
forms a gradual transition from the 16-=foot tunnel section to
a round-topped, trapezoidal bottom portal. The concrete lining
is carried 15 feet beyond the portal and the section changes

to open rock cut with side slopes of 4 on 1. The discharge

II-6



Intake channel.

Outlet portal.

FROM: U. S. Army Corps of Engineers {(1973)
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channel is 14.5 feet wide at the end of concrete lining
with a bottom El1 468. (See Plate 4)

D. SPILLWAY

The spillway is an ungated chute type located in a
natural saddle in the right abutment of the dam. (See Plate 5)
The spillway approach channel was excavated in rock to El 590
feet. The valley extending from the saddle down to the river
provides a suitable channel in which the spillway discharge can
return to the river with only a small area at the west end of
the spillway bucket that required excavation. The spillway
weir is an overflow ogee gravity section that is convexed up-
stream with a crest elevation of 610 feet and a length of 400
feet. The weir is constructed on solid rock with a grout cur-
tain provided. A retaining wall is required on the east side
of the spillway to separate the earth fill embankment from the

spillway weir.

According to the U.S. Army Corps of Engineers (1973),

the maximum impoundments recorded at the damsite have been as

follows:

Max. Water Storage Use
Year Date Surface Elev. Acre-Ft. % of Total
1948 24 Mar 597.2 24,500 50
1949 2 Jan 610.2 49,400 100
1951 4 Apr 574.7 21,800 44
1953 30 Mar 592.2 34,000 68
1955 22 Aug 585.0 28,500 57
1955 18 Oct 607.8 47,200 95
1960 8 Apr 587.0 29,800 60

Normal operations at the project require that the

reservoir be drained immediately after filling.

E. PERTINENT DATA

Table 1 provides a summary of the pertinent struc-
tural and hydrologic/hydraulic data for the project.

I1-8



Downstream face of spillway weir and spillway discharge channel.

Spillway weir from left (east) end.

FROM: U. S. Army Corps of Engineers (1973)
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Table 1
SUMMARY OF PERTINENT DATA

(From U.S. Army Corps of Engineers, 1973)

Location: Westfield River, Huntington, Massachusetts

Drainage Area: 162 Square Miles

DAM
Type.........................-..._......Hydraulic earth fi}-l

Length..-.-.o-.vto.ldoioﬁc't.-.Q-o--'.Ql...........lzoo fe&t

Maximum height above streambed ......cccvcevneeeve....160 feet
Top elevation LI B O B I DL I B I I IR DN T T I R B R Y R R R Y 6 3 0 feet NGVD
Top width....-.....ll...OI’.'.-.O.l."r..".O....O‘..3O feet

Frnbankment slopes
(Upstream and Downstream).......Above E1 610 1l on 2.5
Below E1 610 lon 3.0

~ QUTLET WORKS
Type.-..l.l.l.l...l‘.'...l.ll‘.'.l.l...Upstream intake tow_
' er, wet well type,
with outlet tunnel in
rock

Service gateS...ccvessssssessasse..Three Broome 6'x12' each
EMergency gat@.cccesessesssscsasasesnssss.One Broome 6'x12’'
Outlet CapacCity.ceeeeeciosecasanacsessaracaneadsld, 400 c.£,.5.
Inside diameter ©f tunnel ... s vveereescescssanssasaalb feet
‘Length of tunnel from centerline of gates..........605 feet
Invert elevationN..icieceneercansnsossasenes.480.0 feet NGVD

SPILLWAY

TYP et eesesnssssancsnssesessansasssnsssstUneontrolled, curved
concrete ogee weir

Crest length...-.-D--o.-..--.-l00-..-9--.--.-.---0.400 feet
Crest elevation-oooc-0-ou.0-...0.000..0-..-.610.0 feet NGVD

Design diSCharge-.-o--o-o--.---oo--o-.o-.--.-.4l;000 C.f.s.

RESERVOIR DATA

Elevation Storage Area Capacity Runcff
" {Ft. NGVD) {(Feet) (Acres) (Acre~-Feet) (Inches)
Winter Pool 520 40.0 30.0 270 0.03
Spillway Crest 610 130.0 960.0 49,000 5.6
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material. 1In all of these boreholes, the casing was advanced
to the bottom of the hole and a plastic inclinometer casing
{3.34-inch outside diameter) was installed for seismic survey
meaéurements. The plastic casing was grouted in the hole as
the steel casing was removed, Special drilling procedures were
used during grout operations to insure good grout contact with
the surrounding soil and to prevent the fracturing of loose em-
bankment soils, A description of this procedure is presented
in Appendix A (Volume 2).

Boreholes K-1 on the crest and K-4 on the slope
were 3-inch and 4-inch diameter cased holes, respectively. These
boreholes were the last to be drilled in their respective arrays
since they were used as shot holes for the seismic wave measure-
ment investigation.

2. Sampling

Soil samples were obtained at both borehole array
locations to determine the nature and condition of the embankment
materials and to obtain samples for static and dynamic laboratory
testing. In general, two types of soil sémples were obtained:
disturbed, but representative samples for classification tests,
and relatively undisturbed samples suitable for laboratory static |
and dynamic strength and compressibility testing. A summary of
the exploration and sampling quantities is presented in Table 3.

In the crest boreholes, disturbed soil samples of
the impervious rolled £ill and the hydraulic core were obtained
using a 1-3/8 inch diameter (I.D.) split spoon sampler driven
by a 140 pound hammer falling 30 inches. Split spoon sampling
was performed generally at 5 to 1l0-foot intervals, except at
the rolled fill/hydraulic core interface, where continuous
sampling was performed. Blow counts were recorded for each

6 inches of penetration.
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| Relatively "undisturbed" soil samples of the

fine-grained hydraulic core material were taken in crest bore-
hole K-2 using a 2.8-inch diameter thin-walled stationary piston
sampler, These samples were taken at 5~ft intervals within the
upperApart and 10~ft intervals within the lower rart of the core.
Each sample was handled with extreme care and stored in a heated
shelter provided by Corps project personnel. The description of
the procedure used for stationary piston sampling operations is
presented in Appendix-A.(Voluﬁe 2).

At the downstream borehole locations, K-4, K-5,
K~6, 1-3/8-inch and 3-inch diameter split spoon samples were
taken in the shell material, either continuously or at 2 to
5-foot intervals. The 3-inch diameter sampler was driven 24~
inches by a 300-1b hammer falling 18 inches. The larger sam-
pler (3-inch).was used to obtain more representative samples
of the shell material for laboratory testing. Also due to the
coarse gravel and cobbles in this material, use of the smaller
(1-3/8-inch) sampler would give excessively high resistance
values which counld lead to misinterpretation of the results,

_ Undisturbed sampling of the shell material was
attempted using a Pitcher-type and a double tube (Christensen
NX~D3) core barrel sampler. The Pitcher-type sampler consisted
of a rotating outer metal barrel having a saw-tooth lower
cutting edge, and an inner, stationary, thin-walled Shelby tube
(2.8 inch I.D.). The double tube core barrel was NX-size and
contained an outer rotating barrel with a diamond bit at its

cutting edge, and an inner split barrel.

Undisturbed sampling of the shell materials pro-
ved to be extremely difficult due to the presence of coarse
gravel and cobbles (6~inch maximum diameter) within the mate-
rial. During sampling operations the larger outer barrel
of the Pitcher sampler would cut the coarse fraction compo-
nent, which wouid then enter the outer barrel, and catch the

ITI-6
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Table 3

SUMMARY OF EXPLORATION
AND SAMPLING QUANTITIES

NUMBER OF SAMPLES

*Plastic (3.34 inch outside diameter) inclinometer casing
installed to bottom of borehole for seismic survey.

ITI-7

DISTURBED "UNDISTURBED"
Total 1-3/8" 3w 2.8" 2.8 NW-Size

Borehole Depth Split  sSplit | Station- Pitcher- Double
Number (Feet) Spoon Spoon ary Piston Type Tube
Crest

K-1 159.1 31 S _— —— ——

K-~-2% 158.3 10 —_— E 17 —_ ——
K-3* 158.5 13 _— ——— ——— —_—
Downstream

Slope

K-4 69.2 —— 17 —— —— —_

K~5% 73.7 ——— 18 —-—— 10 3

K~-6%* 77.2 9 1 i 4 2



smaller diameter inner thin-walled barrel at its lower
edge causing it to "crimp" and/or “"crush”. To eliminate
"this problem, the Christensen sampler was substituted.
However, the drilling fluid, which is discharged between
the inner and outer barrels, eroded the relatively non-
plastic fine fraction component before the sample cculd
advance into the inner barrel. During these sampling
cperations, adjustments were made in the speed of sampler
rotation and drilling fluid pressure to maximize the
number of undisturbed samples which could be obtained in

+he coarse, cohesionless shell material.

3.  Subsurface Conditions

The borings at'the drest location encountered
approximately 32 feet of rolled impervious £ill, underlain by
approximately 123 feet of hydraulic core, which, in turn,
is underlain by bedrock. The impervious fill consists of
gravelly, silty, coarse to fine sand with cobbles and/or
boulders, which appears to be medium dense to very dense.

The hydraulic core consists of silty fine sand and fine sandy
silt, with traces of c¢lay and organic matter; this material
appears to range from a loose to medium dense degree of com—-

pactness.

Standard penetration resistance values (N-
values) for each of the crest boreholes are plotted versus
depth and elevation (See Plate 8). The N-values for the
rolled impervious fill generally range between 40 and 100 blows
per foot. High N-values (over 100 blows/ft.) were encountered
at a depth of 28 to 32 feet. In the hydraulic core the N-values
generally range between 3 and 5 blows per foot above El 560 and
5 to 10 blows per foot below E1 560,

A soil profile at the downstream slope bore-

hole locations consists oflapproximately 7.5 feet of riprap,
underlain by hydraulic shell material which, in turn, is under-
lain by bedrock. The shell materials consist of dense to very

ITIT-8



III. FIELD TESTING PROGRAM
A,  GENERAL -

Prior to construction of the project, a program of

exploration and sampling was conducted by Corps personnel at

the damsite and in the reservoir area. According to the U.S.
Army Corps of Engineers (1939), the field testing program ih—
cluded 50 boreholes, 98 test pits and two hand excavated open
cuts. The results of this program are presented in Plate 6.

In 1980, another exploration and sampling pProgram
was performed at the site to investigate the liquefaction and
cyclic mobility potential of the embankment. For the work,
two deep boreholes were made at crest locations (Stations 8+50
and 6+00) and penetrated the impervidus rolled f£ill and hy-
draulic core. Laboratory tests were pérformed on disturbed
and "undisturbed"soil samples; these tests included visual
classification, Atterberg limits, water content and grain-
size determinations. The results of this program are pre-
sented in U.S. Army Corps of Engineers (1981).

B.  EXPLORATION AND SAMPLING PROGRAM

1. Exploration

For this work, six boreholes were drilled through
the embankment to determine the characteristics of the embankment
materials and the.underlying foundation, to obtain soil samples for
laboratory testing and to'pérform a seismic wave velocity mea=-
surement survey., An array of three boreholes each was made at
the crest and on the downstream slope. The boreholes were
spaced approximately 15 feet on center within each array; their
locations are summarized in Table 2 and shown on Plate 7, The
field testing program was performed between October and Decen~
ber 1981, ' v
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The three crest boreholes, K-1, K-2 and K-3,
were drilled through the impervious rolled £fill and hydraulic
core materials to the underlying bedrock foundation, Boreholes
K-4, K-5 and X-6 were drilled along the downstream slope through
the shell material also to the underlying bedrock. To facilitate
drilling on the downstream slope, a timber platform was construc-
ted and the riprap was hand-excavated to the depth of underlying
hydraulic £ill material prior to exploration and sampling.

Table 2

SUMMARY OF BOREHOLE

LOCATIONS
Boring Number
Surface

_ - % Elevation
Crest " Station - - Offset - (Ft., MSL)
K-1 7+75.0 3.2L 629.76
K-2 7+60.2 3.0L 629,78
K=3 7+45.0 2.8L 629.86
Downstream Slope
K-4 ‘ - 7+76.1 180, 0L 571.84
K-5 7+59.6 180.0L 571.77

K-6 7+43.,6 180.0L _ 571.75

* Offset from Centerline of Dam.
* . . . .
Stationing as on Original Design Drawings.

Borings K-2 and K-3 on the crest and K-5 and
K-6 on the downstream slope were advanced using 5~inch and
6-inch diameter flush coupled steel casing, respectively. The
larger size casing was required at slope borehole locations due
to the cobble and coarse gra&el—size particles of the shell
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dense gravelly sands to sandy gravels, with varying amounts of

silt. The N-values for this material are plotted versus depth

in Plate 9; the large range in recorded N-values indicates the
heterogeneity of the shell material.

Bedrock encountered at the crest and downstream
borehole locations consisted of unweathered dark-gray micaceous
schist and pegmatite composed principally of quartz, feldspar
and muscovite. The elevation of the bedrock at the downsﬁream
slope borehole locations was found to be approximately 25 feet
higher than at the crest locations (E1 500 vs 475). This
rise in bedrock surface was observed during pre-construction
investigations as shown in Plate 6. A more detailed descrip-

_tion of the local bedrock is included in Section IV of this

Report.

Water level readings could not be obtained in the

the hydraulic core fill or shell materials during exploration
and sampling, since a bentonitic drillihg fluid (mud) was
used to advance the boreholes. Previous investigations {1980}
indicate water levels at a depth of 55 feet (El 575) in the
central core. The results of the seismic survey performed

for this work and discussed in a following section, indicate
'soil saturation at a depth of approximately 70 feet (El1 560).

Water level data from the observation wells located
along.the upstream and downstream slopes of the dam exist
for the project; the data recorded for these wells indicate
that the upstream and downstream shells are unsaturated when
the winter pool (El1 520) is maintained.
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C. BSEISMIC WAVE VELOCITY MEASUREMENT INVESTIGATION
1.  General

A seismic wave velocity survey was performed
in the crest and downstream slope boreholes to determine shear
(8), compression (P) and surface (R or Rayleigh) wave veloci-
ties throughout a range of depths in the impervious rolled fill,
hydraulic core and hydraulic downstream shoulder. The investi-
gation included cross-—hole, down-hole and surface wave seismic
survey techniques,.

Fach of the technigues used in this investiga-
tion measures the time for seismic waves to travel between two
points in a soil mass. In the cross~hole technique, P- and S-wave
travel time is measured horizontally between two points; in the
down-hole technigue, P- and S-wave travel time is measured on an
incline from the surface to a point at some depth and distance
away from the source. Surface wave (R} travel time is measured
between two points on the ground surface. The measured travel
times and distance between the respective points in the soil
mass are used to compute the P-, S-, and R-wave velocities;
these velocities are then used to compute values of shear moduli
at very low shear strain levels for use in the dynamic stability

analyses.

2. Procedure and Measurement

a. Cross-hole ~ A drill rig was positioned
at the location of Borehole K-1 on the crest to advance a 3
inch diameter steel cased borehole. After the borehole was
advanced to a depth of about 5 f£t, standard penetration test
equipment was inserted and the sampler was driven 12 inches .
A geophone containing wvertical and horizontal velocity trans-
ducers was wedged in each of the plastic inclinometer casings
in Boreholes K~2 and K-3 at the same depth as the sampling
spoon tip. (See Plate 10)., The seismic test was then per-
formed using a short drop (about 3-inch) of the 140-1b hammer

ITI-12



CREST OF DAM
Borehole K-| Sta. 7+30.3

Sta. 7 +75.0, me of Borehole K-2  Borehole K-3 2.8 Left

Pavement
3.27 Left h Sta. 7+60.2 €1.629.6
¢ 3.0%Left | / T >

: A1 R
Impervious AL f::.' i ':; ;?‘ :,--"J :
610 |- Roiled Al 5 11K I 8V kL

_~

6301

q
T

]

QD

o
i

Fill Al X
2| [4— Cement/ || 1 Down - hole
g Bentonite Concrete Block

Grout
Mixture / '-ﬂ Structure

¥ Tesll

Hydraulic
Core Im

o

o

)
i

" o
;-;'\Slope—/f._:
HY|H tndicater  |:
Split Spoon ' Pipe 5

450l Sampler .. :--GeophonesJ‘;’f{‘ :

=

ELEVATION ( Feet,NGVD)
5, 0N
S o
i

AT

KXY
L

470 NSNS s Peq —— e
Bedrock Grave! NOT TO SCALE

DOWNSTREAM SLOPE

Borehole K-4 Borehole K-5 Borehole K-6 310.7+24.3

Sta. 7+76.1,N,  Top of - Sta. 7+59.6, Sta. 7+ 43.6, 180’ Left

sgor- 80Lett ¥ Platform £ 180"Left /180’ Left
. 7 TP ; KT ]
|}I¢‘ 72777777777) (V| W2ZZZzzzz2 | zz@
570 ] P SN NS "
Riprap S 1 1E ™

£1.5685

O
2]
o
—

. Cement/
' . sl Down - hole
%| Bentonite [:qll:
550 |- _ A grouws } Concrete Block
Hydraulic 2 Mixtare / i Structure
540/ Shell :

Tl

5301 . >~ Slope —

indicator _
520 i drlzl Piee  FHO)%
Split Spoon Uk I)

4] L TGeophones
5101 Sampler 1 ]¥

P BN

ELEVATION ( Feet, NGVD )
|

Sl

EJ;/PWM-;;; 1 NOT TO SCALE
500~ Bedrock INRNIRR Gravel il

3
g

DYNAMIC STABILITY ANALYSIS OF
KNIGHTVILLE DAM
NEW ENGLAND DIVISION, COE

LAYOUT FOR
II1-13 SEISMIC INVESTIGATION

PLATE 16



as the impulse. Each time the 140-1b hammer was dropped, a
compression wave traveled downward along the drill rod. The
compression wave was coupled with the soil via the sampling
spoon at the bottom of the rod. Compression and shear waves
were generated in the scil and their arrivals at the velocity
transducer in Boreholes K~2 and K-3 were recorded on a storage
oscilloscope. A transducer which was attached to the drill rod
was used to trigger the oscilloscope., The vertically~oriented
shear waves generated by the sampler penetrating the soil were
most discernible using the vertically-oriented transducer within
the geophone., Compression waves were generally most discernible
using one of the two orthogonal, horizontal transducérs within
the geophone, The procedure of dropping the hammer and recording
the arrivals was done several times at the same depth in order
to establish the optimum oscilloscope settings and to verify the
reproducibility of the test, The entire procedure was repeated
at about 5 ft intervals to a depth of 50 ft and at 10 ft inter-
vals from this depth to bedrock at the crest borehole locations.

At the downstream slope location, the pro-
cedure was performed using'Borehole K-4 as the signal hole and
Boreholes K-5 and K-6 as the.receiving holes. The depth interval
used for testing the outer shell material was about 4 feet
{See Plate 10).

The verticality of Boreholes K-2 and K-3
on the crest and X-5 and K-6 on the slope were determined using
a slope inclinometer torpedo. Since the measured time for the
seismic waves to travel between boreholes was on the order of 10
seconds, precise distances between the inclinometer casing were
required at all depths. By combining these measurements with
the center-to-center spacing of the boreholes at the ground
surface, horizontal distances between the cased boreholes at
all cross-hole measurement depths were determined. The following
formulas were used to calculate the compression wave velocity
(Vp) and shear wave velocity (Vs) by the cross-hole technique:
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v _ f(horizontal distance between geophones)

P (P~wave travel time)
v = (horizontal distance between geophones)
s . (S-wave travel time)

The P~ and S-wave travel times is the dif-
ference between P~ and S—-wave arrival times from the first geo-
phone to the second, respectively.

b, Down-hole = A concrete block was cast-in-
place at each of the boring array locations; each block was ap-
proximately a 2-ft cube. (See Plate 10). At the crest location,
the block was embedded about 2 £t into the rolled fill. At the
downstream location, the block restéd on the surface of the hy-
draulic shell material, after a small area was excavated of rip-
rap. The blocks were located about 15 feet east of and in line
with their respective arrays. Three short sections of 2-inch
angle iron were placed in the block at the time of casting. One
section extended vertically about 7-in. out from the center of
the block. The other two sections made a 45° angle with the
vertical, extended out of the concrete block about 18~in., in
the plane of the section oriented perpendicular to the centerline
of the boreholes,

The concrete blocks were used as wave sources
in the down-hole tests. The tests were performed by first wedging
a geophone in the cased borehole nearest the block (K-3 at the
crest location and K-6 at the downstream slope location) at the
desired depth. The seismic test was performed by striking one
of the angle irons with a 2~1b. sledge hammer. The angle irons
and hammer were wired to form an electrical circuit which trig-
gered the oscilloscope when the two pieces touched. The hammer
blow also caused a slight movement of the concrete block which
generated body waves (P~ and S-waves) in the soil; their arrivals
at the geophone in the cased borehole were recorded on the storage
oscilloscope. The test was repeated using combinations of strike
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directions, afforded by the three angle irons, and combinations

0f transducer orientation until the clearest definition of ar-

rival for both wave types was obtained.

The entire procedure was repeated from just
below ground surface to the bottom of the borehole, at intervals
of about 10 ft at the crest location and 5 ft at the downstream
slope location., The depth at which down-hole data were obtained
was measured each time. The verticality of each borehole was
determined as previously described.

The determination of shear wave arrivals
was facilitated by the use of polarization of the signal generated,
Two traces were compared which were caused by hammer blows in op-
posite directions generating waves for which the initial particle
movements were opposite in direction. The initial shear wave
arrival was identified as the beginning of this reversal of par-
ticle movement. Similarly, compression waves were polarized by
hammer blows in the opposite direction, Since particles oscillate
parallel to the direction of travel during P-wave propagation,
polarization was obtained by applying hammer blows directly (or
near directly) oriented toward and away from the receiving geophone.

A plot of travel distance vs travel time
allowed the determination of velocities for a given depth interval
by approximating the data with a straight line. The velccity is
given by the slope of the straight line. For these measurements,
wave propagation was not truly vertical but was inclined because
the source was not directly above the geophone in the borehole.

c. Surface waves - Rayleigh wave velocities
were measured on the surface at each location using the same equip-
ment as used in the down-hole tests. To measure R-waves, a geo-
phone was wedged into one of the cased boreholes at the ground
surface elevation (K-2 at the crest location and K-6 at the down-
stream slope location) and the concrete block was struck in a
combination of directions. Due to the direction of particle
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motion caused by Réyleigh-waves, vertically and/or longitudi-

‘nally directed blows coupled with the vertical transducer most

clearly displayed the R-wave arrival. Rayleigh wave velocity (Vk)
was computed using the following formula:

. {borizontal distance between geophone and block)
R (travel time)

\'%

3. Results of Wave Velocity Measurement Investigation

The results of this investigation are summarized
in Plates 8 and 9. Plate 8 shows the compression (V_) amd shear
(VS) wave velccities measured in the impervious rolled £ill and _
the hydraulic core. Plate 9 shows these velocities for the shell
material. Also included in both Plates are the Rayleigh wave
velocities (VR) measured at the surface elevations, and VS and
V., measurements in the bedrock foundation. Tabulations of these

data are presented in Appendix A.

in general, the results of the cross-hole and
down-hole tests were consistent and repeatable. On occasion,
however, wave arrivals were difficult to interpret and, in a
few instances, the interpretation of wave arrivals produced re-
sults which were not reasonable. Five typical oscilloscope photo~
graphs taken for the cross-hole and down-hole investigation are

presented in Appendix A.

No compression wave results for the down-hole
survey are plotted in Plate 8. In most cases, the down-hole
compression wave energy was not deﬁected in the hydraulic core
fill; this is likely due to the reflection of waves at the
boundary between the impervious rolled fill and the underlying

coxe.

The down-hole shear and compression wave velocity

measurements in the rolled fill gave erratic results. These re-
sults did not appear to be consistent with the cross-hole data.

Two reasons for these erractic readings are as follows:
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(a) Interpretation of the down-hole measure-
ments involves a comparison of the interval travel path length
to the interval travel time between wave arrivals at two suc-
cessive depths. This analysis works well when the total travel
paths are nearly coincident but of different lengths., This is
the case for the deeper measurements. However, a£ shallow depths,
the successive travel paths are quite different., Thus, at shallow
depths the potential for error in the down~hole measurements is

greater.

(b) The signal generated by the down-hole test
is not as distinct as the signal generated during the cross-hole
technique. The arrival of this complex signal in the borehole is
sometimes difficult to interpret., The shape of the wave form as
it travels through the so0il may change due to a Variety of reasons
including unusual boundary conditions, non~uniform soil properties,
horizontal layering, etc. Hence, the selection of arrival times

for the compression and shear waves is sometimes difficult.

Plate 9 shows that there are inconsistencies in
the measured V_=~values for the cross-hole and down~hole techniques.
In general, the two methods should compare well if the soil was
homogeneous and isotropic in the zone being evaluated., However,
the down~hcle technique is essentially measuring the velocity of
propagation of vertical waves, and the cross-hole technigue is
measuring the velocity of propagation of horizontal waves., The
difference may be significant in some soils. Secondly, the in-
herent problems with the down-hole technique discussed above may
lead to inaccuracies in the interpretation of the down-hole test
results. Hence, the variation between the two techniques may be
a result of the anisotropic properties of the shell materiai and
the test errors discussed above. The cross-hole data for Vp is

believed to be more reliable,
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_ Interpretation of Rayleigh wave measurements
was complicated by the effects of surface conditions at each
of the locations. At the crest location, the rocad surface is
underlain by several inches of a crushed stone base course over
the rolled £fill. At the downstream slope location, the surface
of the downstream shell is overlain by about 8 ft of rlprap.
Best estimates of surface wave ve1001t1es are plotted in
Plates 8 and 9 and are believed to represent wave velocities
for the rolled fill and shell materials for the crest and down-
stream slope locations, respectively. The velocities have been
plotted at depths corresponding to one half of the computed wave
length, which represents the average depth of scil through which
most of the energy of the surfaée waves travel.

Based on the results of the crbss~h01e, down~
hole, and surface wave measurements, recommended values of shear
wave velocity (Vs) and compression wave velocity (Vp) vs ele-
vation are presented as solid lines on Plates 8 and 9. The re-
commended value of VS will be used to compute shear moduli (G);

the computed values will represent shear moduli (G ) at very

small shear strains.- Values of Poisson's Ratio (UTagould be
computed using values of Vs_and Vp at each testing elevation;
however, due to the variability of the data as previously
discussed, values of Poisson's Ratic were not based on the
results of the velocity measurements investigation. The values
of G and v used in the dynamic and static analyses are dis-—

max
cussed in a following section.
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IV, GEOLOGICAL AND SEISMOLOGICAL INVESTIGATIION

A. REGIONAL GEOLOGY -

1. Physiography

Knightville Dam is located in the New England
Upland Section of the New England Maritime physiographic
province (Roberts, 1976). The Upland Section is an extensive
area which extends from Maine to New York City, and is flanked
by the Seaboard lLowland Section at its eastern boundary, and
the Green Mountain and Taconic Mountain Sections at its northern

and western boundaries, respectively.' (See Plate 11).

Thé topography of the New England Upland Section
is that of a maturely dissected peneplain which has been
modified by continental glaciation. The most recent occurred
approximately 8,000 to 10,000 years ago during the Wisconsin
glacial stage. During this time the land surface was altered
by glacial erosion of'the hilltops and the formation of broad
open-valley straths. Since this time, the post-glacial rivers
and streams have dissected and eroded the glacial deposits and
sediments creating a broadly undulating plain (Penneman, 1938}.

_ - The drainage in the Upland Section is controlled
by some major rivers and numerous small streams which are
short and have steep gradients. In the western Massachusetts
area, the Connecticut River is the major feature which controls
the drainage. Its three western tribuﬁaries include the Deer-
field, Mill and Westfield Rivers. The course of these rivers
changed over time and formed the initial Connecticut River
drainage system. Evidence of their "ancient" drainage courses
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are the broad, mature‘ﬁalleys which were carved in the hard
crystalline rocks of the highlands east of the Connecticut
Valley.

The Seaboard Lowland Section of the province
(See Platell) includes the relatively low coastal border of
New England. The Section extends from Narragansett Bay at

the south to the Gulf of St. Lawrence at the north (Roberts,1976).

The Lowland is lower in altitude and smootherxr in relief than
the adjacent Upland Section. Drainage in the Lowland Section
is controlled by the major rivers which include the Charles

"and Mystic, the Merrimack, and the Piscatagua.

The Connecticut Valley Section extends along a
north-south strip from the Long Island Sound to northern
Massachusetts, and is bordered by the New England Upland
Section on either side. The width of the Valley Section is
approximately 20 miles and includes the Connecticut  River
Valley. The topography is moderately level at the valley
floor, and at its northern end is approximately 400 feet
below the crest of the lateral escarpment (Fenneman, 1938}.

The Green Mountain Section extends along the
western boundary of the Upland Section from Canada to northern
Massachusetts. The topography of the Mountain Section is
rugged and altitudes range to cver 4000 feet above sea level,
but are typically less than 3000 feet.

Located to the west and south of the Green Mountain
Section is the Taconic Section. This Section extends from near
Poughkeepsie, New York to Brandon, Vermont. Elevations of the
Taconics range from 1200 feet in the south to 2000 feet in the
north. The limestone valley of Vermont lies between the
Taconic Mountains and the Green Mountains; the valley is part

of‘the Taconic Section and includes Rutland, Vermont.
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2. Surficial Geology -

The bedrock in the northeastern United States is
overlain by a blanket of glécial drift which varies up to
100 feet in thickness. These deposits were laid down in
late Pleistocene time during and after the Wisconsin glacia-
tion, and include: (1) glacial till or "hardpan", (2) glacio-
fluvial deposits, (3) qlacio«lacustrine deposits, and
(4) other alluvial, organic and aeolian deposits.

The glacial till or "hardpan" forms a reiatively
thin mantle and encompasses the ground moraine covering most of
the northeastern region., According to Fenneman (1938), the til1l
averages between five and fifteen feet in thickness in Massa-
chusetts and Connecticut. Two layers of till are known to
exist: a lower blue-gray layer and an upper yellow-red-brown
layer (Pessl and Schafer, 1968). In general, the lower till
is more compact and less coarse thaﬁ the upper till. Both
till layers consist of varying amount of cobbles, gravels,
sands, silts and clays whidh were deposited as either ground
moraines and/or drumlins during the advance and retreat of

the glaciers.

The glaciofluvial deposits are scattered through-
out. the Section and consist of stratified gravels, sands, silts
and clays. These materials were deposited by glacial streams
and meltwaters in the form of kames, kame terraces, esker.

and outwash plaing (Thornbury, 1965)}.

Glacio-lacustrine deposits are found at the loca-
tion of 01d glacial lakes. Lake Hitchcock, an old glacial lake,
occupied the present Connecticut River Valley. It was formed
during the retreat of the late Pleistocene ice sheet and ex-
tended from a natural dam at Rocky Hill, Connecticut northward
tc Lyme, New Hampshire. Streams feeding into the lake and
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meltwater from the glacier contributed large quantities of
sediment. The coarse sands and gravels from the streams
formed delta deposits and the finer silts and clays were
sedimented ovexr the lake bottom forming deposits of varved
clay over 100 feet thick (Ladd, 1975). Other glacial lakes
which were formed in the Section experienced similar deposi-

tional sequences.

3. Bedrock Geology

The bedrock of northeastern United States is
commonly exposed through the glacial till mantle on the
upper slopes of stream valleys and occasionally in the pre-
sent valleys where the streams have cut through the outwash
and till and have exposed rock spurs along the sides of the

pre-glacial valleys.

The greater part of the New England Upland Sec-
tion is underlain by metamorphic rocks of Paleozoic Age. (See
Plate 12). In general, these rocks are at a lower elevation
than the Precanbrian granites and gneisses which form the
ridges and hilltops, but higher than the Paleozoic sedimentary
rocks which form the structural basin, e.g., Boston and
Narragansett Basins, along the coast.

' The Green Mountains in western Vermont, the Hoosic
Mountains in western Massachusetts, and the Hudson Highlands =~ ~
consist of gneissic rocks of Precambrian Age. The Taconic
Mountains consist of strongly metamorphosed schists. The
narrow valley which is located between the Taconic Mountains

and the western boundary of the Upland Section is composed of
limestone and marble. The Connecticut Valley Section is under-

lain by Triassic shales, sandstones and conglomerates which
abruptly give way to the schists and granites of the New
England Upland Section.
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The bedrock geclogy of the New England area is
complex due td'the long sequence of deposition, folding,
faulting, intrusion and erosion whichrhas occurred during its
geologic history. However, a depositional pattern exists with
respect to the series of anticlinoria and synclinoria found
in the region (Johnson, 1977). The major folds trend north
and east and are designated as follows: (1) Green Mountain -
Berkshire Hills Anticlinorium, (2) Connecticut Valley - Gaspé'
Synclinorium, (3) Bronson Hill Anticlinorium, and (4) the

Merrimack Synclinorium, « i
. - ' ‘ l .

The east limb of the Green Mountain - Berkshire
Anticlinorium forms the western boundary of the New England
Upland Section in Massachusetts as evidenced by the Berkshire,
Housatonic and Hudson Highlands. The eastern limb is chiefly
underlain by metamorphosed sedimentary and volcanic rocks, and
local granitic and pegmatitic intrusions. (See Platel13). The
metamorphic rocks are of Lower to Middle Paleozoic age and over-
lie a basement complex of Precambrian igneous rocks-and para-
gneisses. Knightville Dam is located on the eastern limb of
this structural feature;'a discussion of the bedrock of this

limb follows.

a. Paleozoic rocks —~ The metamorphi¢ rocks which
outcrop within the eastern limb in western Massachusetts are
of Ordovician and Silurian age. The Ordovician rocks make a
continuous succession of related formations which are distinct
from the overlying Silurian rocks. The Ordovician rocks are
free of carbon and largely free of iron, whereas the Silurian

rocks are very graphitic and iron rich (Emerson, 1917).

1. savory Schist - The lowermost Paleozoic rock
of Ordovician age in Western Massachusetts is the Savory Schist,
The schist is light gray, but generally appears greenish when
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weathered due to the-presence of chlorite. Thick beds of
sugary limestone ‘are intercalated with the schist and are
penetrated by large hornblende crystals. Thin beds of pyro-
xene limestone are also locally scattered throughout the for-
mation. ‘

2. Hawley Schist - The Hawley Schist is the
next oldest formation in the western Massachusetts area. Its
mineral constituents vary with location throughout the area.
The southern member is a chlorite and sericite schist, whereas
the northern menmber is more of a hornblende schist. The south-

ern member is exposed at various locations.

3. Goshen Sdhist - The Goshen Schist is a
dark gray, graphitic muscovite schist of Silurian age. The
Taconic Unconformity exists between this formation and
the overlying formations. This rock:is commonly arenaceous,
containing numerous red garnets and small black mica flakes,
and frequently splits into flags. |

4. Conway Schist - The Conway Schist is the
youngest Silurian member outcropping on the eastern limb of
the Anticlinorium. The formation consists of a guartzo-
feldspathic schist and a dark graphitic muscovite schist.
These rocks have been subjected to a medium to high degree

of metamorphism.

‘ Common primary minerals are present in
the mica schist and the quartzitic schist but both have their
own predominant mineral constituents. The primary constituents
of the mica schist are quartz, muscovite, biotite and feldspar,
while accessory minerals include graphite, manganese garnet,
and staurolite. In the quartzo-feldspathic schist, quartz and
albite are the dominant minerals (Williams et al, 1954).

b. Igneous Intrusions - Igneous rocks, chiefly
granite and pegmatite, from dikes and veins throughout the
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aforementioned metamorphic rocks of the region. Thé coarse
grained, muscovite-biotite-quartz-feldspar bearing intrusions
occur as long, tabular or sheet-like sills alignéd par-

allel to the schistosity, or as dikes which ¢ut across the
schistosity of the adjacent rock. The intrusions are highly -
muscovitic, which indicate that the granite melted the sur-~
rounding schists to some extent and incorporated some of the
constituents of the schist into the mass (Emerson, 1917).

Throughout the region, most of the intrusions
do not seem to have been forcefully injected into the schists,
because a majority of the ‘bedrock inclusions within the granite
rock maintain the regional trends of the surrounding stratified
rocks (Billings, 1941). '

4, Structural Geology

a. Folding - Major regional structural trends
and minor structural features present in the local strata have
been used as evidence to suggest at least four phases of folding
in the geoclogic history of the western Massachusetts area
(Jackson, 1975 and Hatch, 1968}).

The earliest phase of regional deformation

formed north-northeast trending isoclinal folds in Devonian
and older rocks. The isoclinal folds are gently to moderately

. plunging with axial schistosity that generally is the major

plane feature of the region. The regional schistosity of the
rock units is parallel to the axial surfaces of the north-
trending folds formed during this stage of folding. Since

these folds are isoclinal, the schistosity is parallel or
sub-parallel to the bedding except in axial regions of the folds.

The local intersections of bedding and schis-
tosity throughout the region represent the axis of the early-

stage isoclinal folds as evidenced by the parallel schistosity
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“to the axial surface of the folding stage. The granite and

pegmatitic intrusions found throughout the metamorphic rocks
are commonly parallel to the axial traces of the early iso-
clinal folds and are subseguently deformed by all three later
stages of folding. The alignment may indicate that the dikes
and sills intruded the schists during or following the early
stage of folding.

The second stage of deformation did not sig-
nificantly alter the map pattern of the region, but produced
gentle to moderately plunging, tight to open folds with a well
developed axial plane slip cleavage.

The third stage of folding influenced the
structural map pattern of the region by producing a large,
overturned syncline with a well developed northeast-trending,
northwest~dipping slip cleavage. This stage, called the
Huntington stage of deformation, formed the Huntington syn-
cline which refclded the large early isoclinal folds and
changed their north-south axial trends to.east-west trends

near Huntington, Massachusetts.

The minor folds produced by the,Huntington
stage of deformation have axial plane slip cleavage which
deformed the schistosity of the early stage of folding; The .
slip cleavage is parvallel to the axial surface of small crinkie
folds present in the schists. The rocks tend to break parallel
to the slip cleavage in zones where it is the dominant planar
feature. In the fringe areas at many young minor folds, the
slip cleavage has evolved into a schistosity that truncates
the bedding and a weakly preserved,early stage schistosity.

The final stage of foldihg produced large,
north~trending open folds which warped the Taconic Uncon-
formity separating the Ordovician and Silurian rocks.
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b.  Faulting - Slemmons and Glass (1978) per-
formed a regional evaluation of the faults and lineaments,
basement plutons, topographic lineaments, and major geo-
physical anomalies of New England. Their work was based on
remote sensing and fault compilation data obtained for the
study. Their report presents a series of 1:250,000 scale
maps for the entire New England and eastern New York region,
which show the lineaments detected in the study.

In a later study, Slemmons, Sanders and
Whitney (1980) performed a study of active faults in southern
New England. Their study included a series of low-sun angle
aerial reconnaissance examination of major faults, lineaments,
and seismic zones. The region covered in the study included
the Connecticut Lowland area, the Moodus earthquake area,
faults of the Clinton-Newbury fault system, the Cape Ann area,
the Ossipee earthquake area, and the Ammonoosuc fault zone.
Their study concluded that all of the faults investigated were
inactive or "dead", and are relics of a Paleozoic to Mesozoic

Tectonic regime.

*
5. Regional Seismicity

A study of the regional seismicity has been con-
ducted and based dn historical and instfumental data which
have been collected for the northeastern United States and
eastern Canada. The historic data go back almost 450 years
and are based primarily on "felt" reports. Instrumental data
have been collected from a network of more than 100 seismic
stations which have been in operation in the northeastern United
States since 1975. '

Information collected from the more recent in-
strumental data indicates that, unlike the seismicity pattern

This is a summary of Professor Toksoz's work which
is presented in Appendix B {Volume 2).

Iv-12



.0f the wéstern United States, epicenters in the northeast

are scattered, and define regional patterns of seismicity
rather than well-defined active fault zones. For this

reason fault activity is not a primary measure of seismic

risk in this region. '

_ Plate 14 shows all regional epicenter data col-
lected for the period 1534 ~ 1959. The areas which appear

to have the most seismic activity include southern Quebec,
eastern Massachusetts, central New Hampshire, southern Connec-
ticut and the New York - northern New Jersey area. In general,
the vast majority of earthqguakes are small, with magnitudes

of less than four to five and intensities less than VI to VII.
However, moderate to large events have occurred and include
the 1727 and 1755 Cape Ann, Massachusetts, 1737 and 19207 New
York, New York, 1940 Ossipee, New Hampéhire and 1954 Lake
George, New York events.

B. SITE GEQLOGY

1. Physiography

Knightville Dam is located on the Westfield
River approximately 4-1/2 miles north of the town of Hunting-
ton, Hampshire County, Massachusetts. The dam is constructed
in the Connecticut River Basin. The Westfield River, which
is a major river within the Basin, currently flows through a narrow
and steep-sided valley in the vicinity of the damsite. This valley
becomes relatively broad and shallow as it approaches the low-~
lands of the Connecticut River Valley.
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At the damsite; the Westfield River flows through
the west side of a buried pre-glacial valley. The river has
cut through the thick accumulation of glacial outwash and till
which was deposited during the last glacial retreat., Evidence
of glacial erosion is seen at the west abutment, where bed-
rock is abundantly exposed, and in the present upstream river
channel which forms a small box-type rock canyon.

The west bank of the river rises precipitously from
the river channel to a maximum height of 60 ft above the stream.
A relatively flat plain is located at the top of the cliff which
presently serves as the spillway channel. Above the plain, the
valley wall rises almost vertically to a height of 170 ft above
the spillway channel. The valiey floor upstream of the dam has
a shallow gradient, gradually rising east of the river channel
to Approximately the east abutment of the dam. The valley wall
steepens in gradient at this point, until it rises to nearly
200 £t above the dam crest.

2. Surficial Geology/Foundation Conditions

During design of the dam, a program of subsurface
exploration and sampling'Was made to investigate the geologic
conditions at the site. The program was accomplished by means
of auger and wash borings,rock coring and test pits. The loca-
tion of the boreholes, a description of the foundation materials
which were found to exist at the damsite and some of the engi-
neering properties of the overburden materials are shown on
Plate 15.

In general, the soils which form the foundation
of the dam consist of an unstratified, well-compacted glacial
till formation consisting of gravels, sand and silts. Few
clay size particles were found to exist in the till, The
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maximum thickness of the till is approximately 160 ft and

exists beneath the extreme left abutment of the dam. (See
Plate 15). It is uncertain whether the full depth of till

was deposited at once or during successive glacial stages.
During the exploration and sampling, the till was found to be
essentially impervious. Artesian pressures were found to
exist in deeply buried more pervious strata usually located
directly above rock.

Bedrock was found to exist beneath the dam at
the right abutment as shown on Plate 15, The bedrock exists
below a thin mantle of till and consists of crystalline
quartzitic and micaceous schist. The boreholes made during
the field testing program of this work verify the existence
of this rock below the embankment. The granite and pegmatite
veins beneath the dam and its appurtenant structures form
intrusive dikes and veins. These bodies which are located
at the west abutment are also shown on Plate 15, |

3. Bedrock Geology

The bedrock expocsed at the damsite is composed
of a series of mica and quartzitic schists with intrusions of
pegmatite veins and sills. The exposed metamorphic rocks are
the constituents of the Conway Schist Formation. This For-
mation is continuously exposed along the western wall of the
Westfield River valley above the spillway channel, and inter-
mittently exposed along both sides of the intake channel and
the downstream river channel immediately adjacent to the dam.
(See Plate 16). The rock types which exist at the dam are dis-

cussed below.

a. Mica Schist - The principal rock type exposed
at Knightville Dam is a finely corrugated muscovite schist. This

Iv-17



LEGEND

Conway Schist: dark gray,finely corrugeted
graphitic muscovite schist, with biotite,
garnet and zoisite.

Conway Schist:very dark gray, finely
corrugated, medium - grained, graphitic
muscovite schist with garnet and lorge
stiourolite crystals.

H
i
!
|

Cbnwoy Schist: white, hard, fine- grained
quartzitic schist with low abundance of
mica and grophite flokes.

Pégmotite: w hite , coarse grained, muscovite-
biotite - quartz - feldspar pegmatite.

56 Strike and dip orientation and

7 dip angle.
\'-*:tg,m_i‘":"ii (-, TN / :‘ i ', = NOTES :
/ oownsTrEAR FORTIL R ‘ 3 S . —~ {. Strike and dip orientation and dip angle were
’ 0 . el 1 determined during a field investigation by a TAMS
geologist.

2. Not all d|p ongies could be measured.

ACCLSS R - ' DYNAMIC STABILITY ANALYSIS OF
40 40 so 5 KNIGHTVILLE DAM
—— Fa's NEW ENGLAND DIVISION, COE
SCALE IN FEET : SITE OUTCROP MAP
' PLATE 16

Iv-18



rock is dark due to the abundance of graphite. The major con-
stituents of the schist are quartz, feldspar and mica; secon-
dary minerzls include garnet, staurolite, zoisite and horn-
blende. The graphite occurs as disseminated flakes and scaly
masses within the schist, and can easily be identified by its
metallic-greasy luster. The graphite has crystallized with
its perfect cleavage planes oriented parallel to the foliation
of the rock.

The major constituents of the mica schist
are interlocked to form a completely crystalline mass which
have been separated into beds. The preferred orientation of
the flakes of graphite and layered silica%es result in the
formation of thin laminations. The rock outcrops are generally
thinly bedded. |

A band of mica schist containing large crystals
of staurolite outcrops‘along the west valley wall approximately
80 feet above the spillway crest {See Plate 16). The addi-~-
tion of long, opague staurolite crystals to the mica schist
produces a much darker surface than the surrounding outcrops
of schist. The staurclite occurs as prismatic crystals with
a glassy luster which are randomly oriented with respect to the
foliation,

' In general, the mica schist is a hard rock
that is only slightly weathered. The weathered zone extends
less than 1/16-inch into the surface of the outcropping schist.
A majority of the outcrops have a hard surface layer. of folia-
tion that does not fiake'or peel. Some of the outcrops are
covered with a moss which grows in a yellow-brown medium-
grained scoil. The moss develops in planar partings of the

schist and causes them to split.

One outcrop, approximately 12 feet in length
and 8 feet high and exposed nearly 50 feet downstream from the
spillway crest along the west valley wall, contains zones of
highly to slightly weathered rock. The highly weathered rock
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is friable, yielding flakes of foliated schist when the sur-
face is rubbed. The dark, micaceous and graphitic enriched
layers appear to be more friable than the nearly lighter,
slightly quartzitic enriched layers. A two inch thick slab

was easily broken off perpendicular to the foliation; the
ensuing fresh surface was almost completely ironstained. Minor
crevices and plant partings of the schist, found in small
drainage channels in the highly weathered zone, are coated
with a white, siliceous cement. '

b. . Q&artzi;ic%échist ~ A band of quartzitic schist
along a discontinuous line which extends from the west bank of
the river channel, along the east wall of the spillway channel,
and along the intake tunnel channel before being covered by
glacial deposits. The quartzitic schist is a hard; white-gray,
fine~grained rock with well-developed planar features. The
primary constituents of the guartzitic schist are quartz and
albite. The preferred orientation of the mica flakes is par-
allel to the foliation of the schist.

The quartzitic schist appears to be harder
and more dense than the surrounding mica schist. In general,
the guartzitic schist does not have the thinly laminated planar
partings; instead, there are thin beds of schist broken up by
a set of joints aligned transversely to the preferred orien-

tation of the grains.

c. Pegmatite - Outcrops of pegmatites are pre-
sent along both banks of the downstream river channel and thg
intake channel (See Plate 16). The pegmatite outcrops are a
coarse grained, white, igneous intrusive rock composed princi-
pally of quartz, alkali feldspar, and muscovite. Accessory
minerals include garnets, biotite, and hornblende.
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Large pegmatite boulders are present in the
downstream spillway channel, and there is an accumulation of
very large pegmatite boulders and rubble found on the east
bank of the river channel approximately 70 feet downstream
of the outlet tunnel. A number of pegmatite boulders found
in the downstream river channel contain large crystals of
tourmaline; however, no large tourmaline crystals were ob-

served in the pegmatite outcrops near the dam.

The majority of the pegmatite outcrops near
the dam are exposed as sills which parallel the local folia-
tion. The intrusive pegmatite sills have a sharp unweathered,
predominantly closed contact with the surrounding schist.
Along some of the sills, there is an 1/8-inch spacing between
the pegmatite and the intruded schist. Visually no alteration
zone could be found in the schist along the contact with the
pegmatite, and there are no signs of weakness due to weathering
along the observed contacts. Overall, the pegmatites are very
hard and very faintly weathered, showing only localized minor

discoloration.

A very large sill of pegmatite on the west
bank of the downstream river channel has been exposed as a
result of erosion by the river. The pegmatite also is found
as dikes and lenses which either cut through the planar folia-
tion or are aligned in a sub-parallel direction to the foliation.

4, Structural Geology

The orientations of the exposed metamorphic and
ignecus rocks near the dam coincide with the regional trend
for folds and planar orientation. A well-developed, north-
east-trending, northwest~dipping.slip cleavage is present in
all of the metamorphic outcrops. The strike of the planar
bedding which is common t0 all of the rock types exposed near
the dam is N10 to 15°E, steeply inclined to the west with an
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average dip of 60 degrees., Local variations in dip were
measured, and ranged from about 25 to 75 degrees west,

Examination of two outcrops located near the dam
indicate that the schist has been deformed. A change in dip
angle in the outcrops occurs along the west bank of the in-
take channel next to the tunnel. The planar bedding is curvi-
linear, with the strike appearing to remain N10 to 15°E, but
the dip becomes steeper with increasing depth. It appears .
that the axis to the fold is east of the intake tunnel and

tower.

There is no evidence of faulting at the dam. The
quartzitic schist is surrounded by the mica schist, and there
is no exposed unconformity to suggest that the quartzitic
schist is a member of a different formation. Most of the con-
tacts between the two schists in the downstream spillway dhan—
nel are covered with overburden. :

5. Local Seismicity *

To analyze the local seismicity in the vicinity
¢f Knightville Dam, a STUDY area was established and included a
region encompassed by a 100 mile radius and its immediate
surrounding region. If only the region inside the 100 mile
radius had been considered, then the significant seismically
active zones of central New Hampshire, northeastern Massachu-
setts and New York would be excluded in the analysis.

Plates 17 and 18 show the historic earthguake epi-
center for the period 1568 to 1975 and the instrumental earth-
quake epicenters for the period October 1975 to March 1981, res-
pectively. A clustering of epicenters close to the damsite as
shown on Figure 17, occurs primarily in the Connecticut Valley
region to the east. Although these events are small, they are im-
portant because of their prbximity to the damsite. ‘

This is a summary of Professor Toksoz's work

which is presented in Appendix B,
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EARTHQUAKE EPICENTERS: OCT 1975 - MAR 1981
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Plate 18 shows that no close events were recorded for the
period October 1975 to March 198l1. Table 4 summarizes the
‘significant earthquakes within the Knightville Dam STUDY
AREA. (A significant earthguake is defined as an event of
intensity of at least VII or magnitude of at least 5.0).

Analyses were performed; utilizing the Gutenberg
and Richter (1956) statistical relation, to determine the
recurrence interval of different intensity and magnitude
earthquakes based on the historical and the instrumental
data sets. The statistical results indicate the following
recurrence intervals for the various earthquakes:

DATA SET: N DATA SET:

(1568 to Oct. 1875) {Oct. 1975 to Mar. 1981}
Inten- Recurrence Magni- Recurrence
sity Interval (years)* - -~ tude " Interval (years)*

v - 5 4.0 8
VI 20 5.0 90
VII 80 6.0 1000
VIII 325
Ix 1300

* PFor an explanation of the reliability of these data, See
Professor Toksoz's Report in Appendix B (Volume 2).

Similar analyses were performed utilizing the
earthquake data collected within a 50 km distance of the dam.
The results indicate that an intensity V earthguake can be
expected to occur within this close region every 70 to 100
vears. This return period is considerably longer when com-
pared to the results from the 1568 to 1975 data set; this
difference is simply a reflection of the much smaller area of
consideration and the fact that the area within 50km of the
dam is characteriezed by a lower rate of seismic activity than
that of the entire STUDY ARFA.
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Table 4

SIGNIFICANT EARTHQUAKES WITHIN THE KNIGHTVILLE DAM STUDY
AREA (A SIGNIFICANT EARTHQUAKE IS ONE OF INTENSITY AT LEAST
VII OR MAGNITUDE AT LEAST 5.0 mb)

Dig- Magni-

tance tude

Year inkm  m, Int  state Area

1727 193 - 7 MA Cape Ann
1737 192 - 7 NY New York
1758 214 - B MA Cape Ann
1884 212 - 7 NY New York
1931 141 - 7 NY Lake George
1940 209 5.4 7 NH Ossipee
1940 209 5.4 7 NH Ossipee
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V. SELECTION OF DESIGN EARTHQUAKES

A. SEISMIC HAZARD ANALYSIS

In the previous section, the regional and site
seismicity was reported and included the histbry of the earth-
quake activity and the estimate of the return times for vari-
ous earthquake activities. These data were used to estimate
the accelerations which would be produced by the Maximum
Credible and Operating Basis Earthquakes.

The peak ground accelerations at the damsite were
computed using relationships proposed by Klimkiewicz (1980)
and Nuttli (1979), Nuttli and Hermann (1981), and Battis (1981).
The computed values of peak ground accelerations (pga) are a
function of earthguake magnitude and distance from the source,
and are based on the recorded history of seismic activity in
the area.

In NMew England seismic activity is not associated
with known faults, and it is therefore difficult to determine
on a geologic basis the largest possible earthguake in the re-
gion., Two assumptions were therefore made in the analysis,

as follows:

_ (1) The largest earthquake in the STUDY AREA will
occur where there have been high seismic activity based on all

historical and instrumental data, and

(2) The Maximum Credible Earthguake in the STUDY
AREA will have a source magnitude equal to that of the largest
actual event in the STUDY AREA plus a one~half my, unit.

The peak ground accelerations due to the Maximum
Credible Earthquake were computed separately for regional
events (those outside the 50 km radius from the dam) and the
local events (those inside the 50 km radius). The seismic
hazard analysis for this work was performed by Professor Nafi
Toksoz, and is presented in Appendix B (Volume 2).
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1. Regional Events (50 to 215 km)

a. Maximum Credible Earthquake - The Maximum
Credible Earthguake for a regional event was computed and
based on the location of large higtorical events (MMIZ2VII)
in the STUDY AREA. These events occurred at Ossipee, New
Hampshire; Cape Ann, Massachusetts; New York, New York; Lake.
George, New York; E. Haddam, Connecticut; .and Torrington,
Connecticut events (See Table 5). In addition, a small close
event whic¢h occurred at Leeds, Massachusetts (March 14, 1893, .
MMI = IV), which is approximately 12 km from the damsite, was
also included. The maximum credible magnitudes for each of
these events were computed by increasing the recorded inten-
sities (or equivalent magnitudes) by a one-half oy, unit (See
Table 5).

The computed peak ground accelerations at the
damsite from these credible events are shown in the last three
columns of Table 5. Using the statistical relationship of

‘Nuttli (1979), a range of accelerations from 20 to 60 cm/sec2

was obtained; the largest value resulted from the events at
Cape Ann, E. Haddam and Torrington. Using the equations of
Nuttli and Hermann (1981), the computed accelerations range
from 17 to 42 cm/secz, the largest acceleration being pro-
duced by the close event at E. Haddam. Finally, using Battis'
(1981) equations the largest computed accleration was 82
cm/sec2 from the Cape Ann event.

It is important to note that the values deter-
mined using Battis equations are the peak ground accelerations
(pga). Values calculated by Nuttli and Hermann are sustained
acceleration (or the average value for three cycles about the
maximum). Sustained acceleration is lower than the peak ac-
celeration, generally by a factor of 1.2 to 1.5. The dis- -
crepancy of about a factor of 2 between the two sets is partly



Table 5

ACCELERATION FOR MAXIMUM CREDIBLE EARTHQUAKE

Area

Ossippe, NH
Cape Ann, MA
NY City, NY

Lake George,
NY

E. Haddam, CT

Torrington,
CcT

Leeds, MA

WITHIN THE KNIGHTVILLE STUDY AREA

dist.
in km

205
213
197
136

89
50

12

max.,
cred.

My,

Int

wu

1/2

i

3/4

51/2
5 1/2

5 1/2

Accel2

20-50

30-60
20-50

25-45

- 30-60 -

30-60

30-60

1) Intensity calculated via Klimkiewicz {(1980)

2) Acceleration from the acceleration-intensity curve of

Nuttli (1979).

cm/sec
Accel

17
29
19
19

41
35

42

2

: 4
Accel

46
82
-48
39

76
54

37

3) Acceleration calculated from the expressions of Nuttli énd
Hermann (1981)

4) Acceleration calculated from the expression of Battis

- (1981)



due to different models of attenuation. Howevexr, bhased on

the recent data.collected from the Gaza, New Hampshire event
(Janvary 19, 1982, my, = 4.7), Battis' attentuation values are
~more applicable to New England than those to Nuttli and Hermann,
as described subsequently. Thus the maximum pga value (82<nm/sec2)
computed using Battis' curves will be used for analysis from

the Cape Ann event (mb = 6.5),

It is important to check the validity of the

2 pga and to obtain a measure of its variability such

82 cm/sec
as the standard deviation or 95 percent confidence intervals.
This is done by comparing the computed pga value with the ob-
served values of different earthquakes of magnitudes comparable
to the "hypothetical" Cape Ann event (mb = 6.5)., A discussion
of this comparison procedure is presented in Professor Toksoz's
report (See Appendix B). The results indicate, based on Cali-
fornia earthguake statistical data, that for a mean pga value
of approximately 80 cm/secz, the mean value plus one standard

deviation can be as high as 125 cm/secz, and the mean value

plus two standard deviations is 200_cm/secz.

b. Operating Basis Earthquake - The Operating Basis
Earthquake is defined by the U.S. Nuclear Regulatory Commission
as "the largest earthguake that reasonably could be expected to
affect a structure during the life of the structure". For
analysis a nominal life of 100 years is assumed for Knightville
Dam. Based on the recurrence interval analyses previously
reported the largest event likely to occur in 100 years would
have a source intensity (MMI) of 7.5 or equivalent magnitude ofmy=
5.5. This event is most likely to occur in the Cape Ann, Massa-
chusetts or Ossipee, New Hampshire seismotectonic zone. Placing
such an event at the closest distance of 160 km and using Battis'
(1981) attenuation curves, a peak ground acceleration of 32 cm/sec?
is obtained. If variations with azimuth due to source and
lateral heterogeniety are assumed to be similar to those of



the San Fernando earthquake ({See Toksoz's Report), a mean
plus one standard deviation of 52 cm/sec2 and a mean plus
two standard deviations of 84 crn/sec2 are obtained,

2. TLocal Events (<50 km)

a. Maximum Crediblé Earthgquake - The earthquake
within the radius of 50 km of the dam present a problem, These
are all historic events. They are generally small. There
has been no detailed analysis of the reliability of their
assigned intensities. The closest earthquake to the dam
(distance = 12 km) is the Leeds, Massachusetts earthquake of
14 March 1893 with intensity of IV. To determine Maximum
Credible Earthquake the same criteria as used for the regional
events was applied. The intensity was increased by one unit
and the peak ground acceleration at the damsite was computed
to be less than about 45 cm/secz. At such short distances,
however, earthquake source properties (finiteness, rupture.
propagation, asperities of stress drop across the fault plane)
and local geologic heterogeneities can affect the maximum ac-
ceierations at a given site. The Gaza, New Hampshire earth-
gquake of 19 January 1982 provided some strong motion data rel-
evant to this problem; this i1s discussed in the next section.

b. Implications of the Strong Motion Data

from the Gaza, New Hampshire Earthquake

(January, 1982) " - On January 19, 1982 ,
(TJanuary 18 local time), an earthguake Qf mb=4.7 occurred in nga,
New Hampshire. This earthquake was recorded by the northeastern U.S.
seismic network and is presently being studied in detail. The earth-
guake also triggered the strong motion instruments located at
six different sites at distances of 7 to 104 km. These instru-
ments were installed and are operated by the Corps of Engineers.
The stations, distances, and recorded accelerations are listed
in Table 6. The'importance'of these data is that for the



iable 6

STRONG MOTION RECORDS FROM
GAZA, N.H. EARTHQUAKE -

The Gaza, NH Earthqguake of Jan, 19, 1982
Epicenter data: O0.T. 00:14:42.5 UTC
Latitude 43.520
Longitude -71.610
Depth 5 km (approx)
Magnitude 4.7 (mb)
Strong Motion Data
Peak Acceleration Values
L v T
g cm/s2 g cm/s2 g cm/s2
Franklin PFalls
Dam, NH
Distance = 7 km .
Abutment 0.22 218 0.14 136 0.56 544
Crest .10 100 0.10 101 0.24 238
Downstream 0.08 77 0.14 136 0.31 307
North Hartland
Dam, VT .
Distance = 62 km
Crest 0.02 23 0.02 17 0.02 22
Union Village '
pam, VT
Distance = 61 km :
Abutment 0.01 6 0.01 6 0.01 5
Crest 0.02 22 0.02 22 0.03 26
Downstream 0.03 34 0.03 34 0.03 26
White River
Jtn., VT
Distance = 61 km
Basement 0.02 15 0.02 17 0.02 21
North Springfield
Dam, VT
Distance = 75 km
Downstream 0.03 31 0.02 15 0.02 23
Crest 0.03 31 0.02 15 0.02 15
Ball Mountain
Dam, VT
Distance = 104 km
Crest 0.01 11 o0.02 15 0.01 12

Resolved
horiz
g ocm/s2
0.60 586
0.26 258
0.32 317
0.03 32
0.01 8
0.03 34
0.04 43
0.03 26
0.03 39
0.03 34
0.02 16



first time strong motion records in New England for an earth-
‘quake of known magnitude are available.

The Gaza, New Hampshire earthquake should be
‘given great weight for estimating the peak ground accelera-
tion at Knightville Dam for this pioject, since the Maxi-
mum Credible Earthquake close to the dam is based on the Leeds,
Massachusetts event of March 14, 1893. 1Its size is comparable
to the Gaza earthquake (my, = 4.0 vs. 4.7) and the Gaza-Franklin
Falls Dam distance (7 km) is also similar to the Leeds-Knightville
Dam distance (12 km).

Free-field accelerations are of interest in
this study, therefore, data collected at the downstream sta-
tions rather than the crest or abutments were used. Further,
to obtain the peak horizontal acceleration, the vector sum of
the longitudinal and transverse componénts was computed. The
difference between this "resolved"” horizontal value and the
Jarger of the two components is not significant as can be seen
in Table 10.

The acceleration observations from the Gaza,
New Hampshire earthquake have been superposed onto the decay
curves of Battis (1981), as shown in Plate 19. The curves
are shown to roughly parallel Battis's curves for acceleration
versus distance for the Gaza, New Hampshire data and a new
curve for m = 4.0, which corresponds to the Maximum Credible
Earthquake at Leeds, Massachusgsetts. For a distance of 12 km, -
an acceleration of about 70 cm/sec2 is obtained. As is shown
in Table 6 and Toksoz's Report, at "close-in" distances,
accelerations can vary by a factor of 2 to 5 with azimuth, due
to source properties and local ground conditions. Given a
70 cm/sec2 mean value, peak acceleration of 200-300 cm/sec2

due to the maximum credible event could be expected.
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Battis (1981)

mb=4,0
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Data are Resolved

Horizontal \f| 2,72

mh=4.7 Gaza, NH
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Union Village Dam, VT Downstream

White River Junction, Vt Basement of
VA Hospital

1 2 . 3
log Distance (km)
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_ c. Operating Basis Earthquake - The frequency-
magnitude statistics for the local events is poorldue to a
' few data points. However, the return period of an earth-

~ground acceleration value of 200 cm/sec

quake my, = 4.0 is about 100 years. Thus, the m, = 4.0 is
also the Operating Basis Earthquake, and pga values between
200-300 cm/sec2 could also be expected for this event.

B. DESIGN EARTHQUAKES

1, Regional Event

: 2. Ground Motions -~ For "regionalﬂ-model earth~
quakes, the calculated value of peak ground acceleration due
to the Maximum Credible Earthguake is 82 cm/secz. This is
due to the model earthquake at Cape Ann, Massachusetts with
m, = 6.5. The 82 cm/sec2 is in good_agreement with other
estimates for the general area of NeW;England. It also com-
pares favorably with Eurbpean data, and after correction for
attenuation differences, with peak ground acceleration values
from California earthquakes of similar hagnitudes {(Borrego
Mountain earthquake of 1968 and mean of the San Fernando
earthquake of 1971). This 82 cm/sec? should be considered
the mean value. Mean plus one standard deviation gives 125

2 and mean plus two standard deviations gives a peak

cm/sec
\ 2

, on the basis of
global data.

For the analysis, a peak ground accelera-
tion value of 200 cm/sec2 is selected for the Maximum Credible

Earthquake. The choice of the mean plus two standard devia-
tions for the maximum credible peak ground acceleration (instead

of mean plus one standard deviation) is based on both the ex-
pected scatter of the ground acceleration for a given earth-

quake, and the uncertaint%es associated with the distance and
the magnitude of the maximum credible earthguake. Since this
hypothetical event is distant and of magnitude 6.5, the fre-~

quency at peak acceleration will be between 1 and 5 Hz and
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duration of shaking at least 10 seconds.

For the Operating Basis Earthquake a peak
ground acceleration of 32 cm/Sec2 has been computed. The
mean plus one standard deviation is 53 cm/sec2 and the mean

plus two standard deviations is 84 cm/secz. For the previously

2 has been selected

mentioned reasons, the value of 84 cm/sec
for the peak ground acceleration for the Operating Basis

Earthquake. Peak frequency is likely to be between 2 and 6 Hz.

Calculated ‘velocity and displacement values
corresponding to peak ground accelerations at the nominal peak
frequencies are given in Table 7. All of the data presented
is for free field rock motions.

b. Strong Motion Record - Selection of the
strong motion records for the design earthquakes was made by Pro-
fegsor Whitman, with corrobation of Professor Toksoz and TAMS'
project perscnnel., Professor Whitman's Report entitled, "Strong
Motions for Use in Analysis of Knightville Dam," is presented
in Appendix C. One of the major problems which exists in se-
lecting time history series for this work is the lack of suit-
able strong motion recordings in the Eastern United States.

For the regional event; the N55E component
_of the Puddingstone Reservoir time series was selected for both

the Operating Basis Earthquake (84 cm/secz) and the Maximum
Credible Earthquake (200 cm/secz). This time series is repro-
duced in Plate 20. This series resulted from the San Fernando,
California earthquake (mb = 6.4) of February 1971, and was re-
corded at the reservoir site, approximately 70 km from the epi-
center. The peak acceleration measured at Puddingstone Reservoir
was 70 cm/secz. The predominant measured frequencies ranged

from 1 to 5 Hz, and the duration of the strongest part of the
shaking was approximately 10 seconds. This record can be



Epicenter Area
(Seismotectonic
zZone)

Nominal Distance to
Knightville Dam (kg

Magnitude (mb)
Peak Frequency {Hz)

Acceleration at Dam
mean cm/sec

Acceleration at _Dam
mean +10 cm/sec

Acceleration at_Dam
mean +20 cm/sec

{(l)Velocity at Dam
mean cm/sec

Velocity at Dam
mean +10 cm/sec

Velocity at Dam
mean +20 cm/sec

(l)Displécement at Dam
mean cm

Displacement at Dam
mean +1¢ cm

Displacement at Dam
mean +2c cm

(see text)

** TEstimate based

(1) Velocity and di
at listed frequ
displacement).

Table 7

SUMMARY TABLE OF RECOMMENDED
FREE-FIELD ROCK GROUND MOTIONS

Regional Local¥
Maximum Operating Maximum
Credible Basis Credible
Earthguake EBarthgquake Earthguake
Cape Ann, MA Cape Ann, MA ‘Leeds, MA
or
Ossipee, NH
213 213 12
)
6. 5.5 4.0
3. 4.0 12.0
82. 32. 70.
125. 52, -
200. g84. 250, %%
4,35 1.70 0.93
6.63 2.76 -
10.6 4.46 3.32
0.23 0.09 0.01
0.35 0-15 e
0.56 0.24 0.04

Same value for Maximum Credible and Operating Basis earthquake.

on scatter.of near field data.

splacement corresponding to peak acceleration
ency (these are not peak velocity and peak

v-11

{see Appendix B).
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normalized to 84 cm/sec2 and 200 cm/sec2 to represent the
Operating Basis Earthguake and the Maximum Credible Earthquake,
respectively.

2. Local Event

a. Ground Motions ~ For local events the pic=-
ture is more complicated. The nearest known event to the Knightville
Dam occurred near Leeds, Massachusetts at a distance of 12 km
on March 14, 1893. A local Maximum Credible Earthquake based
on the central U.S. attentuation models gives a peak ground
acceleration of 30-60 cm/secz.. However, if the results of
the preliminary analysis of the strong motion data from the
Gaza, New Hampshire earthguake of January 19, 1982, and a
Maximum Credible Earthquake near Leeds, Massachusetts are used,
a peak ground acceleration of 70 crﬁ/sec2 is obtained at the
damsite. Given the variability of peak ground accelerations
due to source properties and local heterogeneities, peak

2 cannot be ruled out. The

accelerations of 200 to 300 cm/sec
durations of such motions will be short and the frequencies
will be high (10~15 Hz). The return period of the local Maxi-
mum Credible Earthquake is less than 100 years. Thus, above
values of peak ground acceleration apply for the Operating
Basis Earthquake. Corresponding values of ground velocity

and displacement are summarzied in Table 7. Again, these

values are for free field rock motions.

b. Strong Motion Record - For the event, the
recommended time series is the S80E component of the record
at Golden Park during the San Francisco Earthquake of 22 March
1957. This series is reproduced in Plate 21.
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The San Francisco earthgquake had mb = 4,9,
IWhile this magnitude is larger than the postulated event
with my, = 4.0, the durations and frequency contents lie
within the range that might be expected from a local event.
The peak acceleration at Golden Gate Park was 103 cm/secz.
The instrument at Golden Gate Park was founded upon chert
with thin interbedded shale, and was about 12 km from the
epicenter.

It is anticipated that ground motions from
the local events will have less of an effect on the dynamic
stability of the dam than the regional events due to the high
frequencies and shorter duration of shaking; therefore only the

regional event was selected for use in the analysis.

The time series to be used for the regional
event was shown in Plate 20; the pseudo-response spectra for
various values of damping for both the Maximum Credible and
Operating Basis events are shown on Plates 22 and 23,

V=15
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VI. STATIC AND DYNAMIC LABORATORY TESTING PROGRAM

A. GENERAL

Prior to construction a laboratory testing program
was performed on split spoon'and "undisturbed" soil samples
obtained during the pre-construction field exploration and
sampling program performed at the site. As previously re-
perted, laboratory tests included visual classification, water
content, grain-size determination, permeability, strength and
consolidation tests. The tests were performed on the dam
fpundation soils and the potential borrow area soils; the re-
sults of the program are presented by the U.S. Army Corps of
Engineers (1939).

Laboratory tests were performed on representative
samples of embankment obtained during construction of the dam.
Hydraulic shell samples were taken at one~hundred foot stations
at locations 50, 100, 150, 200 and 250 feet upstream and down-
stream of the centerline of the dam. Hydraulic core samples.
were taken at one-hundred foot stations at the centerline, and
upstream and downstream at the one~quarter points, and at the
theoretical core limits, The laboratory tests performed on

these samples included: water content, grain-size, and specific

gravity determinations. The results are presented by the U.S.

Army Corps of Engineers (1941).

In 1980 a study was made to assess the liguefaction
and cyclic mobility potential of the hydraulic core material.
The study included a program of exploration and sampling at
locations along the crest and a program of laboratory testing.
Laboratory testing of "undiéturbed“ samples was not performed.
The laboratory testing program included visual classification,
grain-size analyses, water content and specific gravity deter-
minations on selected core’samples. The results of the testing

program are presented by the U.S. Army Corps of Engineers (1981}.
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The laboratory testing program for this work was
performed on embankment soil samples obtained during the
field testing program. The program included split spoon
' (1-3/8 inch and 3-inch, I.D.), 2.8-inch diameter "undis-
turbed" stationary piston and 2.8-inch Pitcher-type sampling.
The stationary piston and Pitcher-type sampling were per-
formed in the hydraulic core and downstream hydraulic shell,
respectively. As previously reported, few Pitcher-type
samples were obtained downstream in the relatively cohesion-

less hydraulic shell.

Selected "undisturbed" samples of the hydraulic
core and shell and selected split spoon samples of the
hydraulic shell material were delivered to the laboratory.
The testing program consisted of index tests, and static
and dynamic properties tests on "undisturbeéPI hydraulic
core samples and disturbed and reconstituted hydraulic
shell samples. Index tests were performed on representa-~
tive samples and included: visual classification, Atter-~
berg limits, grain-size analyses, specific gravity tests
and water content determinations. Properties tests con-
sisted of one-dimensional consolidation tests, static

and dynamic triaxial and resonant column tests.

B. SOIL CLASSIFICATION AND INDEX PROPERTIES

1, Soil Clasgsification

The field testing program included {3) bore-
holes each at selected locations along the crest and along the
downstream slope. The boreholes at the crest encountered 30
to 32 feet of impervious fill, underlain by approximately 123
feet of hydraulic core, which, in turn, is underlain by bedrock.
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A soil profile at the downstream locations consists of 8+ feet
of riprap, underlain by approximately 60 feet of hydraulic shell
material, which, in turn, is underlain by bedrock. . The f£inal
subsurface exploration logs which show the soil profile en-
countered at each borehole location .are presented in Appendix A.

_ The hydraulic core material cbnsists primarily of
brown silt (ML}. The silt exhibits very low to no plasticity
and contains approximately 10 to 20 percent fine sand which is
typically in the form of horizontal layers; the layers are, in
general, less than one-inch thick. Some of the samples con-
tained traces of clay and organic matter. The bulk material is
highly dilatant as determined from the shaking test, and has

low dry strength.

The downstream hydraulic shell material consists
of well=-graded angular to subrounded gfavelly sand (SW) to sandy
gravel (GW). The material éohtains approximately 5 to 15 per-
cent fine particle sizes (mostly very low to non-plastic silt)
and a small amount of mica. The approximate maximum particle
size in the shell samples was 2 to 3 inches. BAccording to the
U.S. Army Corps of Engineers (1941), the maximum size particles
placed for shell construction was 6 inches.

2. Index Properties

Laboratory index tests were performed on repre-
sentative embankment samples. A compilation of the test results
for all samples is presented on the Summary of Laboratory
Test Results sheets presented in Appendix D; the results
are briefly discussed below.

a. Hydraulic Core - The moisture contents mea-
sured in the laboratory on disturbed and "undisturbed" samples
range from 25 to 42 percent. These values are plotted versus
depth on Plate 24, The lowér values were measured on samples
from the upper vortion (E1l 600 to E1 560) and lower portion
(El 560 to E1 480) of the core zone., In the central portion
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of the core, between El 560 and El 500, values were typically

‘greater than 35 percent. It is difficult to determine the

reasons for this variation. One explanation may be that the
samples from the central portion of the core contained fewer
fine sand lenses and therefore drained less through the per-
forated end packers used to seal the sampling tubes.

The dry unit weight values of the "undisturbed"
material also plotted versus depth are shown on Plate 24,
The dry unit weight values are shown to vary slightly with
depth and range between 80 and 95 pcf. The blow count data
also plotted on Plate 24 suggest that the lower N-values are
due to the lower unit weight values and higher corresponding

water contents.

Five Atterberg Limit determinations were made
on representative samples of the core material. The liquid
limits (LL) vary between 25 to 35 percent, and the plastic
limit (PL) from 23 to 30; the material is classified as ML
based on the Unified Scil Classification system. Four of the
five samples used for the Atterbefg Limit determination had
natural bulk moisture contents greater than their measured
liquid limits (See Plate 24). These data suggest that either
the core material has not yet reached full consolidation
under the embankment locads or that pore water is being main-
tained at high elevations by capillary forces. Based on the
grain size distribution of the core material, the latter

reason seems to be more logical.

The range of grain size curves for the hydrau-
lic core material is shown also on Plate 24. The gradation
limits are based on the results of 28 tests; the tests were
performed on "undisturbed" and disturbed samples using sieve
and hydrometer methods. As shown, the fine fraction (silt
and clay) constitutes by weight between 50 to 95 percent of
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the core material.

Specific gravity (GS) determinations were
performed on seven core samples, The (GS) values range from
2.74 to 2.81, and the mean value is 2,78,

b. Hydraulic Sheli - 8ix natural water con=-
tent determinations were made on representative disturbed and
"undisturbed" samples from Borehole K-4. The values of
moisture content range from approximately 4 to 11 percent.
The values show no correlation with depth, however, the low
values do indicate that the downstream slope at this borehole
location is not fully saturated. |

Dry unit wéight determinations were made
on the few "undisturbed" (Pitcher-type) hydraulic shell specimens.
The results of these tests are summarized below,

SUMMARY OF DRY UNIT WEIGHTS
DOWNSTREAM SHELL MATERIAL

Borehole Sample Depth Dry Unit Weight
—_No. __No._ (ft) (pcf)

K-5 P-2 ' 34 121.7

K-5 P-9 64 143.8

K-6 P-2 46 138.4

A modified compaction test was performed on
the shell mixture, and the results are presented in Appendix C.
The results indicate that the maximum density is 141.6 pecf and oc-
curs at an optimum water content of ahout 5.1 percent. No signifi-
cant "bleeding" of water occurred during compaction, even for
the highest water content utilized (14%). The test was per-
formed in accordance with ASTM Designation D1557-70, Method C.

Two maximum and minimum unit weight deter-
minations (ASTM D2049-69) were made on a mixture of split spoon
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samples from Borings k-4 and K~5, The results of the two

" tests varied by less than one percent; the computed maximum

and minimum unit weights were 134.3 pcf and 106.6 pcf,
respectively. The maximum density is within the xange of
unit weights determined frdm“undisturbe&'samples. The differ-
ence in unit weight values however could be due to the vari-
ations in grain-size characteristics.

Plate 25 shows the gradation range of the down-
stream material for samples obtained from boreholes K-4 and
K-5. The average value of Dgy and Djg for these samples is
approximately 2.0 mm and 0.09 mm, respectively. The latter
value is less than half the Dyg-values determined from grain
size analyses on representative samples (at the approximate
same location) durxing construction. The difference is
probably due to the I.D. of the samplers which were unable

to obtain larger than 3-in diameter particle gizes during
sampling for this work.

Two specific gravity (Gg) tests were performed
on a mixture of split spoon samples from Borings K-4 and K-5.
The computed values are 2.90 and 2.92; these relatively high
values may be attributed to the presence of mica.

C. STATIC TESTING PROGRAM

1. General -

To determine the static properties of the embankment
materials, a total of 23 consolidated-drained (S) and consoclidated-
undrained@ (R) triaxial shear tests were performed on "undisturbed”
core samples and compacted (reconstituted) shell samples. In -’
addition, four one-dimensional consolidation tests were per-
formed on "undisturbed" core specimens. In general, the "un-
disturbed" hydraulic core samples were recovered in good condi-
tion; any densification of the "undisturbed" soil which occurred
during transport of the tube was limited to less than 0.5 percent.
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Due to the relatively few "undisturbed" (Pitcher-
type) hydraulic shell samples available for strength testing,
compacted samples were prepared from a mixture of soil from
split spoon samples from Boring K-5. The mixture consisted of
samples S-4 through S-17, and was "scalped" of its plus 1/2~
inch particle sizes. This material was removed in order that
the maximum size particles used for compaction of the strength
specimens be no greater than 1/6 of the diameter of the specimens.
The diameter of all compacted strength test specimens was 2.8
inches. Specimens of larger diameters were not prepared be-~-
cause there was insufficient'material for'testing larger sizes.

2, Sample Preparation

a. Hydraulic core - Test specimens for static
strength tests were obtained by cutting the statiohary piston
tubes into approximate 8-inch lengths. The specimens were
trimmed at the top and bottom to obtain an approximate 7-inch
high test specimen, and extruded from the tubés using manual
and hydraulic methods. The top, bottom and sides of the sample
were carefully examined to determine if silt or sand layers
existed within the specimen. The samples were tested without
trimming the lateral surface.

' b, Hydraulic shell - Specimens for static
strength tests were compacted by pressing the materials in
a split mold in approximately 5 to 7 layers. FEach layer was
scarified prior to placement of the next layer in order to assure
uniformity of density throughout the specimen and to provide for
a good bond between the layers, The material was compacted at its
natural water content which ranged between 7 and 9 percent. The
desired compacted dry unit weight was 130 pcf. This value was es-
timated to be the in situ value based on the recorded blow counts,

grain size characteristics and unit weight determinations.
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‘3. consolidated-Undrained Triaxial Compression (R) Tests

a. General - A total of eleven ilsotropically
consolidated-undrained triaxial compression (R) tests with
pore pressure measurements were pe;formed on "undisturbed"
core and compacted shell specimens; Two additional aniso-
tropically consolidated-undrained triaxial (R) tests were per-
formed on the shell specimens.

b. Procedure -

1. Hydraulic Core: After trimming the
specimen, a vacuum pressure of about 10 psi was applied to
the top of the specimen as the specimen was extruded directly
into a membrane. This procedure was used to assure that the
sandy silt material would not fail under its own weight when
removed from the sampling tube, The specimen was placed in the
triaxial cell and consolidated to isotropic pressures ranging
from 10 to 80 psi. Fach specimén was allowed to consolidate
for approximately 16 hours, or until a negligible amount of
pore fluid exited from the sample. '

A back pressuring technique, which in-
corporates simultaneous incrementing of back pressuré and
cell pressure was used to saturate the specimen. A back pres-
sure of 100 psi was used for all tests. Skemptons B-parameter
was checked at the top and bottom of the specimen; a minimum
value of 0.95 was considered acceptable as an indication of .
full saturation.

Upon completion of the back pressure satu-
ration procedure, the sample was loaded using a stress-controlled
device. Loading was performed by incrementing the deviator
stress (03-03) by 3 to 9 psi at approximate 10 minute intervals.
The rate of loading was goyerned by the time required for the
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pore pressures to stabilize under each load incxement. Pore
‘pressures were measured at the top and bottom of the speci-

men at the end of each load increment. When failure seemed

imminent, the rate ofiloadinq was decreased to prevent rapid
failure of the specimen.. All samples were tested to a maxi-
mum axial strain of 20 percent.

At the completion of each test, the
specimen was unlcaded, removed from the cell, éut into halves,
and the angle of shear failure (if any} was recorded. Photo-
graphs of the cut specimen were takén to provide a pictorial
record of each failure. Grain size analyses and/or Atterberg
Limits were performed on half sections'of the failed specimens.

2. Hydraulic Shell: The procedure used to
perform the R tests on the compacted shell specimens is pri-
marily the same as that used for core Specimens. For these
specimens, however, back pressure saturation was performed
prior to the consolidation stage.

Two anisotropically consolidated-undrained
triaxial tests with pore pressure nmeasurements were rerformed
on compacted samples of the shell mixture. The test specimens
were set up in the triaxial cell and consolidated to an ini-
tial isotropic stress of approximately 7 psi. The specimen
was back pressure saturated until a B-value of 0.95 was at-
tained. The specimen was then anisotropically consolidated
in increments maintaining a consolidation stress ratio
Kc=51c/a3c of 2 for each increment. The specimen was mono-
tonically loaded in undrained shear using a strain controlled
device. The strain rate used during the tests was 0.2 percent
per minute. During shear vertical loads were monitored with a
proving ring, and pore pressures were monitored with pressure
transducers at the top and bottom of the specimen.
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C. Results - The results of the stress and strain
-controlled R tests performed are presented in Appendix D. For
each test the following are plotted versus axial strain:
deviator stress (o, -03); pére pressure (u}; and effective
principal stress ratio (3i/33). In addition, the properties
of the triaxial specimens and a sketch of the type and angle
of failure (if any) are also presented.

A typical plot of deviator stress and excess
pore pressure vs strain curves for ﬁ tests on the "undisturbed"
core material for a Kc=1 is shown on Plate 26. The undrained
stress-strain curve is characteristic of an insensitive soil.
The peak stress {(maximum deviator stress) is typically attained
at 20 percent strain, and in no case was there a rapid loss in
strength beyond the peak stress condition. The pore pressure
curve shows an increase in pore water pressure at low strain
and a gradual decrease at larger strains.

Similar curves for R tests performed on the
compacted shell material initially consolidated to K =1 are
shown also on Plate 26. As shown, the maximum value of deviator
stress and pore water pressure was reached at between 1 and 5
percent strain; these values remained essentially constant with
increasing strain. The test results shown were typical for
all R tests (Kq=1) performed on this material.

The results of the R tests are presented in the

form of Mohr-Coulomb strendgth envelopes on Plates 27 .and 28
for tests performed on "undisturbed" core specimens and com-
pacted shell specimens, respectively. On each Plate, the ef-
fective strength data are plotted in the upper diagram and

the total strength data are plotted in the lower diagram. A
summary table also is presented on each Plate and gives the
pertinent data for each test.
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From the Mohr-Coulomb strength envelope the
effective angle of shearing registance under initial iso-
tropic stress condition (K, =1} is 34 degrees and 36.5 degrees
with zero strength at zero normal stress for the hydraulic
core and hydraulic shell materials, respectively{ Similarly,
for the initial anisotropic conditions, K,=2, the value of
the effective angle of friction for both materials is 36. 5
degrees with zero shear strenqth at zero normal stress.

The Mohr-Coulomb strength envelope in terms
of total stress can be represented for the hydraulic core
material by two lines each having an angle of 7 degrees and
a shear strength at zero normal stress of 23 and 39 psi. The
variations in cohesion intercept is difficult to explain; it
may be due to variations in sample composition and structure,
especially the content and orientation of mica particles.

The failure envelope in terms of total stress
for the hydraulic shell material can be defined by an angle
of 22 degrees, and a shear strength of approximately 10 psi
at zero normal stress. Two of the five ﬁests produced results
with substantially lower strengths. The difference in results
may be due to the fact that these tests were performed using
constant rate of strain as opposed to constant rate of stress;
the samples weré prepared using vibratory air hammer as opposed
to static compaction; and/or the samples may have contaiﬁed
different quantities of mica which would effect the strength..

The envelopes presented in each Plate are based
on the stress developed at twenty percent axial strain. The
tests indicate that on all isotropically consclidated samples,
the maximum strength was reached at twenty percent strain.

For the two anisdtropically consolidated samples, the maximum

strength was reached at two to three percent axial strain.
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4, Consolidated=-Drained Triaxial Compression (S) Tests

a. General -~ Four isotropically consclidated-drained
triaxial compression (S) tests were performed on compacted hy-
draulic shell specimens. Three S tests were performed also on
"undisturbed" hydraulic core specimens consolidated to initial
anisotropic conditions. | |

b. Procedure - The § testing procedure used in
this program is similar to the procedure used for performing
the R tests. However, during these tests the specimen was
permitted to drain at top and bottom, and volume change measure-
ments were made for each application of vertical load.

c. Results - The results of the isotropic and
anisotropic S tests are presented in Appendix D. A typical
set of stress and volumetric strain vs axial strain curves
for S tests (Kc=l) on the"undisturbed"éore material is shown
on Plate 29. Also shown on this Plate are typical S test results

on the compacted shell specimens.

For the core material, the drained test results
show some decrease in volume followed by a slight tendency for
dilation near and at failure. For the compacted shell material,
the volumetric strain and deviator stress reached high values
at low axial strainsg and increased slightly with increasing

axial strain.

The results of the isotropic S tests are also
presented in the form of a Mohr-Coulomb strength envelope on °
Plates 27 and 28. For the isotropic consolidateéd hydraulic
core material, the 8 test results are similar to those shown
for the R tests, with the effective angle of friction equal
to 34 degrees and zero shear strength at zero normal stress.

The strength parameters from anisotropic 8
tests are shown also on Plate 27 and 28. For the hydraulic
core material consolidated to initial Kc=2-conditions, the
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effective angle of friction is 36.5 degrees with zero shear
strength at zero normal stress which'is'slightly higher
than that for isotropic conditions. For the hydraulic shell
material the effective angle of shearing resistance is 36.5
degrees for both isotropic and anisotropic consolidation.

5. One-Dimensional Consolidation Tesgts

Four one-dimensional consolidation tests were per-
formed on "undisturbed" core specimens to assist in deter=-
mining the static properties of this material. Results of
these tests are presented in Appendix D.

Each of the hydraulic core specimens were trimmed
and placed in a floating ring type consolidometer. The speci-
mens were loaded incrementally (LIR=1) to a minimum 32 ksf
stress following back pressure saturation to 100 psi. At the
end of the loading cyéle, the sample was incrementally unloaded
to 0.5 ksf. Drainage was permitted at both top and bottom
of the sample.

The values of Compression Index (Cc) computed from

the "straight-line" portion of the e-log p plots show a rela-

tionship with initial moisture content. Representative samples
tested from the upper and ldwer portions of core have relatively
low computed values of Ccf these same samples have relatively
low values of initial moisture content. Samples tested from
the central portion of the zone have relatively high values

of both C, and natural water content. These results are sum-~

marized below:

' SUMMARY OF C,-VALUES
FOR "UNDISTURBED" CORE MATERTAL -

Natural Water

Sample* Depth {feet) Content (percent Co
SpP-3 53.5 31.8 0.12
SP-~7 72.5 ’ 39.4 0.25
SP-11 93.5 41.3 0.30

SP-16 135.5 | 32.2 0.12

*Samples from Borehole K-2
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The computed values of coefficient of consclidation (ey)

1

- -2
-range between 10 and 10 cmz/sec. There is no apparent cor-

relation between water content or depth and the computed values of c,,.

D. DYNAMIC TESTING PROGRAM

l. General

A dynamic testing program was conducted to deter-

mine the behavior of the embankment soils under dynamic loading,
The program consisted of twenty-three cyclic load triaxial

(CR) tests, six resonant column (RC) tests and three small
strain triaxial (E) tests. The results of the dynamic testing
program not shown herein, are presented in Appendix E.

2, Sample Preparation -

a. Hydraulic core - Prior to cutting and trimming

of the test specimens, measurements were made to determine if
compression of the sample occurred during transportation. The

tube samples were handled and shipped in an upright vertical
position. Prior to sealing the tubes in the field, the top
expandable packer was placed tiéhtly against the inner tube
wall in contact with the top surface of the sample. If any
densification of the soil occurred, an air gpace would result
between the bottom of the packer and the top surfacé of the
sample. This air space was measured and the percent compres-—
sion was computed by dividing the space measurement by the
length of the sample in the tube. The cutting and trimming
procedures for the dynamic test program specimens were the
same as the procedure followed for the static test program

specimens.

b. Hydraulic shell - Reconstituted samples ‘of
the shell material were prepared from a mixture of soil from
split-spoon samples from Borings K-4 and K-5, Compacted

specimens were made by placing seven to eight 0.4-in-thick
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layers of material in a split compaction mold. The material
‘was placed at a water content of about 8 percent. The density
of the sample was controlled by placing a predetermined weight
of material in each layer. A three-inch thick steel plate

was placed on top of each layer and impacted vertically with

a vibratory air hammer until the layer thickness reached 0.4 in.
The impact energy could be varied by controlling the air pres~
sure to the air hammer.

The majority of CR-R and CR tests on ‘the shell
mixture were performed at a consolidated dry unit weight of
between 130 and 133 pcf.

3. Cyclic Triaxial (CR-R and CR) Tests

a, General - Two (2) isotropic¢ and nine .(9)
anisotropic consolidated—undrained cyclic load triaxial (CR) tests
were pexformed on undisturbed core samples; Four (4) of these
tests were followed by a monotonic load phase (CR-R). Four-
teen (l4) anisotropically consolidated-undrained cyclic load
triaxial tests were performed on compécted samples of the
shell mixture. Two (2) of these tests were followed by a mono-

tonic load phase,

' The values of Kc (Elc/EBC) used during con-
solidation for the "undisturbed" hydraulic core specimens were
1.0 and 1.5, The values used for the reconstituted hydraulic
shell specimens were 1.5 and 2.0, These values were based on
the ratios of major to minor principal stresses computed from
preliminary stability computations made prior to testing.

b. Procedure -~

1. Hydraulic Core: The specimen was set
up in the triaxial cell and consclidated to an initial isotropic
stress of 0.5 kg/cmz. The -specimen was back pressure saturated
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to obtain a Skempton B-value of at least 0.95.

_ The specimens were consolidated in increments
to the desired isotropic or anisotropic consolidation stresses.
Primary consolidation of the specimens under each increment of
load was typically complete within 5 minutes. The final con-
solidation stresses remained on the specimen for at least 3
hours before cyclic loadihg, and in most tests, the final con-
solidation stresses remained on the specimen for over 16 hours.

A symmetrical cyclic deviator stress was applied
under undrained conditions. The load cycles were applied at a
frequency of 0.4 Hz. The first half cycle of load was compres-
sive, and typically 20 load cycles were applied.

Axial load, pore pressufe at the ends of the

specimen, and axial deformation were recorded continuously during

cyclic loading. At the completion of cyclic loading, the speci-
men was returned to the approximate consolidation shear stress
which existed prior to cyclic loading. Pore pressures reached
eQuilibrium in less than one second after completion of cyclic
loading.

Specimens which did not exceed a compressive
strain of 5% after 20 load cycles were monotonically loaded
in undrained shear. Drainage of the specimen was not allowed
after c¢yclic loading., The excess pore pressures generated by
cyclic loading remained in the sample until the start of mono-
tonic loading. A strain controlled loading device was used

to apply monotonic loads.

After completion of each test, the specimen was
weighed and sliced vertically into two sectionsg, One section
was used for a water content determination to determine the
dry weight of the specimen. The other section was partially
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air-dried, photographed, described, and finally used for index.
testing. Grain size analyses were performed on material from
the portion of the specimen where the strains tended to con-
centrate. i

2. Hydraulic Shell: Consolidation; satura=-
tion, cyclic loading, and monotonic loading of compaéted samples
followed the same procedures used for "undisturbed"” éamples deg=~

cribed in the previous section with the following differences:

e The specimens consolidated very rapidly
under each increment of load, usually
reaching the end of primary consolidation
in a few seconds.

L) The final consolidation stresses remained
on the sample for at least 16 hours before
cyclic loading. |

. The number of cycles applied during cyclic
loading was not limited to 20. The maxi-
mum number of load cycles applied was 95.
Two CR-tests were followed by an R-phase
and these had axial strains after cyelic
loading of 0.05% and 6.31%,
respectively.

e After completion of each test, the entire
specimen was oven dried to obtain an ac-
curate dry weight measurement.

c. Results - A summary of the CR and CR-R triaxial
test results for the "undisturbed" hydraulic core and the re-
constituted hydraulic shell specimens is presented in Tables 8
and 8. Tests on each material were run at two minor principal
stresses (330) and two consoliéation ratios (Kc=81c/a3c)‘ For
the hydraulic core specimeng, o3c-values equal to 2.5 and
5.0 kg/cm2 were used and Kc-valués were equal to 1.0 and 1.5.
Similarly for the hydraulic shell specimens, O3 -values of 1.0
and 4.0 kg/cm2 and K,-values of 1.5 and 2.0 were used.
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Table 8

Summary of Cyclic Load
Triaxial Test bData
(Hydraulic Core)

Test No. |Boring/Sample | Depth of Dry Unit Weight Water Content Congolidation Stresses Consolidation Back

N Nos. Test Stress Ratios |Pressure

Specimen In Tube In Cell In Tube| In Cell Principal Stresses | On Failure Plane{4)
ag a
1n(3) jdelivered|initialjafter con- measgred after con— Vertical } Lateral 5 1 Yo
. field| to 1ab solidation | in lab [sclidation 1o 53c O¢c Tee :15 :_E
£t pet pef pef pef * % kg/em? | kg/cm? kg/cm? | ke/em? | O, Ogc | kg/om?

Cé*! X~2/SP~2A 47.5 85.0 85.0 85.7 89.5 36.1 33.4 3.75 2.50 2.77 0.51 1.50 0.18 8.00
CE—R—Z X-2/8p-1B 42,5 84.7 84,7 85.4 80.9 31.0 32.1 3.75 2,50 2.77 0.51 1.50 0.18 8.00

CE‘J X~2/5¢~13B 106.5 81.4 81.0 81.2 B8.6 40.7 34.1 7.50 5.00 5.53 1.02 1.50 D.18 4,00

CR-451} k-2/5p-5a 63.0 84.9f 85.1 | 85.3 - 34.2 - - - . - - - - ~

CR-5 K~2/8P~5B £3.7 90.6 20.9 89.0 93.7 31.0 0.2 3.75 2.50 2.77 0.51 1.50 0.18 8.00

_CR~6 X-2/8P-9B 83.3 80.9 91.2 89.5 95.7 29.3 28.8 7.50 5.00 5.53 1.02 1.50 0.18 8.00
CR=R~7 K-2/5p-9C 84.0 87.4 87.7 B7.1 91.7 34.6 31.7 5.00 5.00 5.00 0 1.00 0 8.00
CR-R~-8A ¥-2/8P=~10A ° 87.8 82.3 82.5 80.9 B7.6 39.0 34.9 7.50 5.00 5.53 1.02 1.50 0.18 8.00
CR-R-8B° K-2/85P-10A 87.8 - - - 87.7 - 34.8 7.50 5.00 5.53 1.02 1.50 0.18 8.00
CR-R-8C | K-2/SP-10A 87.8 - - - 87.9 - 34.6 7.50 5.00 5.53 1,02 | 1.50 | 0.18 8.00
CR~R-3 . K=2/SP-14A 116.5 84.6 85.0 B4.3 89.9 32.7 33.2 7.50 5.00 5.53 1.02 1.50 0.18 8.00

CR=-10 K~2/sP-10C 89.1 B84.9 85.0 85.1 91.0 35.9 32.2 5.00 5.00 5.00 0 1.00 0 8.00
Notes: 1) The symbol CR represents an undrained cyclic triaxial test. The symbol CR-R represents an wdrained

FZ-TA

cyclic triaxial test (CR) followed by an undrained, monotonically loaded triaxial test {R).
Tests CR-R-8A, B, and C were performed on the same specimen.
2} The letters A, B, and C after sample number refer to top, middle, and bottom sectlions of tube,
regpectively.
3} The dry unit welight in the field was determined by multiplying the dry unit weight, as received in the
laboratory, by a factor to account for settlement of soil in the tube during transportation,
{¢$ assumed equal to 3I5°).

4) Stressea are given on an assumed failure plane inclined 62.5% to the horizontal.

The subscript f repreaenta the fajilure plane,
§) The specimen for Test CR-4 inadvertently failed during congolidation stage.
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-2}
3)

4)

5)

6}

73

The symbol CH-A represents an undrained cyclic triaxial test {cn)
followsd by an undrained, monotonically loaded triaxial test (R).
A maxmum of 20 cycles were applied at a frequency of 0.4 Hz.

The failure plane is assumed to be .inclined at an angle of 62.5%
to the horizontal. The subscript f represents the failure plane.
The deformation trangsducer jammed during cycle 11, The dawnward
piston travel (equivalent to a strain of about 20%) was reached
at the start of cycle 18.

Axial pigton travel was reached at 12.9% atrain. The shear stress
on the failure plana was still increasing when the test was termin-
ated.

Spacimen for Test CR-4 inadvertently falled during consolidation
stage.

The piston reached the end of its travel after cyclic loading.
Since the specimen was “hanging®™ from the piston, pore pressure
data is not reportad.

9}
)

1)

12)

13)

Double amplitude strains are reported.

Table 8
(Continued)
Test No. | Cyclic?) Cyclic Stress llb. of |Induced PorejCompressive Strain During Cyclic Loading [Compressive| Shear Stresses | Maximum
n Shear Ratios Load Prassure Strain at jon Failure Plane | Induced
Stress on Cycles [After Cyclic Accumulated Strain Number of Cycles | Start of |During Monotonic | Pore
Fatlure Applied} Loading to Reach 5% & 0% ] Monotonic Loading Pressure
Plane On Fallurs Cycle]Cycle] Cycla|Cyele|Accumulated Com— -Loading During
Plane 5 10 15 20 pressive Strain Peak fat 20% | Monotonic
tor Double Ampli- [strain Loading
tude Strain)13})
Tfy ] %4 E.t.}'_ .T_fffﬁ'x 1Y 108
Za,c Bfe Efc Btrain |Strain
xg/cn? kg/cnu? . \ . . Y xg/ca? | kg/ce? | kg/om
CR-1 0.61 0.30 | 0.22] 0.41 17 {7 3.83 |9.24 ] (&) - 7 H - - - -
CR-f-2 0.50 0.24 | o.18] 0.37 20 1.52 0.45 |0.82 | 1.24 }1.73 »20 |- >20 2.07 835} - 1.75
CR-3 1.13 0.28 0.20 0.39 15 {7) 3.14 |8.18 [13.40 - ? 12 - - - -
cii-46? - - - - - {?) - - - - - - - - - - -
CR=5 0.56 0.27 1 0.20] o0.39 20 1.87 1.67 }3.40 |5.26 {7.70 15 »20 - - - -
CR-6 0.84 .21 0.15 0.34 20 3.4% 2.15 {3,98 | 5.8% [7.39 14 >20 - - - -
CR-R-7. 0.40 |o.10 § o.cef o.08 | 199 1.37 0.17 |o.18 fo.18 [o0.17 >19 | >0 -0.02 2.42 | z.3s')] 3.s1
cR-R-ga12} 0.36 |o.09 | 0.06] o025 | 20 0.72 - - - Jo.04 20 |20 . - - - -
CR-R-8812} 0.50 0,12 [ 9.69{ 0.28 { 20 1.07 - - - {o.0s 320 | »20 - T -
CR-R~g¢ 12} 0,67 Jo.16 ] 0.12] ow31 | 20 1.82 0.03 [o.12 [0.19 fe.32 »20 1 »20 0.39 2.751%% . 3.15
CR-R-% B 0.91 0.22 0.15 0.35 20 3.37 0.7% [1.59 |2.74 |3.90 >20 >20 4.56 2.57 2.15 3.0
Cch-110 0.63 |o.15°] o.13] o.13 | 158 n 0.41 jo.66 |8.58 | - 14 16 - - - -
Hotes:
1) The gymbol ca tepresents an undrained cyclic triaxial test. 8} Doyble amplitude strains are reported. The upward plston travel was

reached during cycle 6.

The maximum comprassive
strain wag 0.06% and the saximum tensile atrain was 0.16%.
The shear stress is reported st an axial strain of 18.89%,
ghear stress occurred at a strain of 17.5%.

Axial pilaton travel was reached at 16.8% strain. 7The shear stress
on the failure plune was still increasing when the test was
terminated.

Tast CR—R—BA, B and C were paerformed on the same specimen at threq
different cyclic stress ratios. The pore pressure generated by each
tast was dissipated before cycllic loading at higher cyclic stress
ratios.

Recumulated compresalve strain or douhle amplitude strain is
reported, whichever occurced first.

The peak
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Table 9
Summarv of Cvelic Load

Triaxial Test Data

{(Hydraulic Shell)

Test No. Dry Unit wei?ht Water Content Consolidation Stresses Consolidation Back
(2) In Cell3 In Cell After Stress Ratios Pressure
Congsolidation | Principal Stresses | On Failure Plane(4)
initial jafter con- Vertical |Lateral - e
solidation - - Cre Tee
) . o Oe s} Teg - -
pet pcf % kg}gmz kg;:;z kg}émz -kg}émz Oic O¢c kg/cm?
CR-R-11 131.0 132.4 12.6 1.50 1.00 1.11 0.20 1.50 0.18 9.00
CR-12 . 128.2 129.5 13.7 1.49 1.00 1.10 0.20 1.49 0.18 9.00
CR=13 128.8 130.0- 13.5 1.50 . 1.00 1.1 0.20 1.50 0.18 9.00
ch-R-14 128.1 130.3 13.4 2.00 1.00 1.2% 0.41 2.00 0.34 9.00
CR-15 129.6 131.4 13.0 2.00 1.00 1.21 0.41 2.00 0.34 9.00
CR-16 129.1 131.0 13.1 2.00 1.00 1.21 0.41 2.00 Jo.34 9.00
CR-17 127.2 133.7 12.2 6.03 4.00 4.43 0.83 1.51 |0.19 9.00
CR-18 125.8 131.6 12.9 &.03 4.00 4.43 0.83 1.51 0.19 9.00
CR-19 125.4 132.5 12.6 6.03 4.00 4.43 6.83 .51 0.19 9.00
CR-20 125.3 133.4 12.3 8.05 4.00 4.86 1.66 2.01 0.34 9.00
CR-21 126.1 132.9 12.4 8.00 4.00 4.85 1.64 2.00 0.34 9.00
CR-22 124.7 132.0 12.8 8.01 4.00 - 4.85 1.64 2.00 0.34 9.00
CR-23 129.5 135.2 L11.7 8.03 4.00 4.86 1.65 2.01 0.34 9.900
CR=-24 123.2 125.3 15.3 2.00 1.00 t.21 0.41 2.00 0.34 9.00
Notes: 1) The shell material consists of a mixture of selected gplit-spoon samples from Borings K~4 and K-5.
2) The symbol CR represents an undrained cyclic triaxial test. The symbol CR~R represents an undrained
: cyclic triaxial test (CR) followed by an undrained, montonically loaded test (R).
3) All samples were compacted in the laboratory in eight layers. Each layer was about 2., 2 cm thick and
compacted with a vibratory air hammer impacting on the top of the layer.
4) Stresses are given on an assumed failure plane inclined 62.5° to the horizontal (¢ assumed equal to

35°) -

The subscript f represents the failure plane.
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Table 9

(Continued)

Test ¥o.|Cyclic?) Cyclic Strass ]sa. of Rnduced Pore [Compressive Strain During Cyclic Loading [Compressive | Shear Stresses mezuua
t) Shear Racics Load Presaurs Strain at | on Fallure Plangd Induced
Stress on Cyclen | After Cyclid Accumulated Strain Rumber of Cycles Start of buring Monotoniq Pore
Fallure On Fajilure| Applied Loading to Reach 5% & 1094 Monotonic Loading Presgure
Plane?d?} Plane Cycle|Cycle|Cycle| Cycla[Accurulated Con- Loading puring
5 10 15 20 presgsive Strain Pezk Lt 208 Monotonic
{or Double Ampli.] jstrain Loading
tude Strain)5!?
%9 | Tfy Pectley
PN E:] ] 5% 10%
. o fe Strain|strain .
xg/cn? kg/cm? ) ' Y ) 1 kg/omy kg/ea? | kg/om
Ci-i-ﬂ 0.24 0.29 |D.22 0.40 19 0.30 0.00 0,01 [0.00 - »19 1 »19 0.05 1.66 1.41 0.3
cR-12 |- 0.41  }o.s0 |o.37} o.55 58) (4) 8.99 | - - - 4 5 - - - -
CR+13 0.33 0.40 | 0.30 0.48 128} {4} 0.23 |3.41 - - w0 12 - - - -
CR-R-14 0.38 0.492 Jo.28§ o0.62 20 0.60 0.84 |1.55 }2.41 |5.28 20 >2p 6.3% 0.67 0.678) o.56
CR=15 0.41 0.50 §0.34 0.68 20 {4) 0.69 {1.55 |5.98 {18.76 14 1B - - - -
CR-16 g.28  0.35 jo.23] 0.57 95 0.66 0.18 {0.26 [0.33 ] 0.40 81 89 - - - -
CR-17 . 1.18 0.36 |0.27 0.45 1 .4y - - - - 2 2 - - - -
CR-18 0.66 0.20 |0.15 0.34 16 14} 0.36 |1.32 j9.01 - 14 16 - - - -
CR-19 0.44 0.14 10.10 0.29 63 3.20 8.07 j0.14 |0.20 |0.28 59 64 - - - -
CR-20 0.927) Jo.25 f0.17| 0.5 v {4) - - - - < <1 - - - -
cR-21 0.33  [o.10 |0,07] 6.4% | 778) 2.86 0.02 j0.06 [0.10 0.4 64 n - - - -
CR=-22 .49 0.15 0.0 G.44 9 14) 0.05 - ~ - 10 10 - - - -
C§-23 8.51 0.19 10,13 0.45 3% {4) 0.3% 10,86 11.39 2,31 26 k) - - -
cR-24 | 0.287) }o.34 f0.23]| 0.57 1 1) - - - - <t <« - - - -
Hotes:
1} 7The symbol CR represents an undrained cyclic triaxial test. 5) .Accumulated compressive strain or double amplitude gtrain is
The symbol CR-R repregents an undrained cyclic triaxial test (CR) reported, whichever occurred firat.
followed by an undrained, meonotonically loaded triaxtial test (R). 6} The shear atress ts reported at a strain of '7.90.
2} Load cycles were applied at a frequency of (.4 Hz. 7} The specimen faliled during the compression vhase of the Firat
3} The failure plane is assumed to be inclined at an angle of 62.5° load cycle. The reported value of Tgy waa the maxisum value
to the horizontal. The subscript £ represents the failure plane. attained during application of the compression load.
4} The piston reached the end of its travel after cyclic loading. 8) Dauble amplitude strains are reported.

Since the speciman was 'hang:l.ag" from the piston, pore pressure
data is not reported.
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In addition to the saturation and consolidation

" information presented in the Tables, each Table also lists the

followiﬁg cyclic load-monotonic load triaxial data:

(1) the eyclic shear stress on the failure
| plane ( rfy,kg/cm Vi o

(2) the CYCllC deviator stress ratlo ( /20

(3) the cyclic shear stress ratio on the
failure plane (Tfy / Oga)

(4) the total shear stress ratio on the failure
plane C(tg, + Tfy) / ch)J'

(5) the number of load cycles applied durlng
-each test (N);

(6) accumulated compressive strain during
cyclic loading at the end of 5, 10, 15
and 20 cycles of ioading;

(7) the number of cycLes-to reach 5 percent
and 10 percent accumulated compressiVe
axial strain: and.

(8} the results of the monotonic R tests.

Plates 30 and 31 show typical test results for
the hydraulic core and hydraulic shell specimens consolidated
to'Kc—values of 1.5. The upper portion shows the accumulated
strains induced by cyclic loading and the bottom portion shows
the induced pore pressure and the value of the initial effective
conscolidation stress (53c). Accumulated strain and induced pore
pressure are plotted versus the number of cyclic stress appli-

cations.

In order to facilitate a more direct comparison
between the results of the cyclic load test data and the re-
sults of the dynamic response analysis, the laboratory curves
relating axial strain versus number of cycles for the "undis-
turbed" core and reconstituted shell samples were transformed

VI-28
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into the graphs shown in Plates 32 and 33 using the procedure
outlined by Serff, Seed, Makdisi and Chang (1976). These
Plates show the relationship between the cyclic shear resis-
tance (Tfy[, corresponding to either 5 or 10 percent axial
strain in 3, 5 and 10 cycles, and the normal stress on the
failure plane (ch) during consclidation. The effect of the
initial static state of stress on this relationship is shown
for two values of o which is defined as follows:

o = Txx - Tfc

[}

0 .
fc fe
where Ty = ch = shear stress on failure plane
- Y during consolidation
Efc = effective normal stress on failure

plane during consclidation

In the dynamic fesponse analysis, maximum values
of dynamic shear strength (7v,,,) are generated along horizontal
surfaces within each soil element and each horizontal surface
is assumed to be the potential failure surface for the element
(or layer)}. 1In the cyclic triaxial test, however, the failure
surface is generally oriented at an angle of 45+¢/2 degrees,
and therefore these results must be modified to account for
the differences in failure plane orientation.

According to Serff, et. al., (1976), for labora~-
tory specimens consolidated to initial isotropic conditions
(Ko = 1 and o = 0), the maximum cyclic shear stress measured
on a horizontal failure surface is about 65 percent of the
maximum shear stress measured in the triaxial test, whereas
for values of K, » 1.5 (d,> 0.18), the shear stresses obtained
from the simple cyclic shear test and the cyclic triaxial test
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are approximately the same. To account for these differences
at low values of K,, the results of the isotropically consoli-
dated (ﬁ‘= Q) cyclic triaxial test& performed for this work
were reduced by 65 percent; these reduced values are plotted
in Plate 32. (No K, =1 data are available for the shel1‘
material, and therefore the shell data were not reduced).

In Plate 32, it is shown that the hydraulic
core samples consolidated to initially low values of Kc the
c¢yclic shear resistance (Tfy) increases with increasing values
of a. For the shell samples {See Plate 33), which were initially
consolidated to higher values of K.+ the opposite trend is true.
Similar results showing these trends have been reported by -
Castro (1976), and can be attributed to the effects of initial
shear stress at the time of consolidation on cyclic load test
results and/or the effects of mica within the specimen.

As previously reported, cyclic triaxial tests
were performed on reconstituted shell samples rather than
"undisturbed" samples because of the difficulties associated
with obtaining "undisturbed" samples of the relatively coarse
grained shell. Previous studies have shown that the cyclic
shear resistance measured on undisturbed shell material can be
95 to 100 percent greater than the resistance measured on
reconstituted samples, and correction factors as high as 1.8
have been used on strength data obtained using reconstituted
samples (Marcuson and Krinitzsky, 1976). To determine if a
similar correction factor would be required in this study, the
results of the cyclic‘triaxial were compared to the results of
similar tests performed on "undisturbed" shell materials in
other studies. This comparison, shown on Plate 34, indicates
that‘the Knightville Dam results on reconstituted samples are
in close agreement with results obtained elsewhere, and there-
fore, no correction factor ﬁas applied to these results.
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4, Resonant Column (RC) Tests

a. General - Two .(2) resonant column (RC) tests
were performed on "undisturbed” core samples, one (1} RC-test
was performed on an "undisturbed" Pitcher sample of the shell
material and three (3) RC-tests were performed on compacted
samples of thé same mixture of shell material used for cyclic
triaxial tests. |

Resonant column tests were performed to deter-
mine shear moduli and damping ratios of the so0il at shear

4

strains of approximately 1075 to 1074 mm/mm.

b. Procedure - The specimen was set up in the
resonant column cell and consolidated to an initial isotropic
stress of 0.5 kg/cmz. The specimen was back pressure saturated
so that volume changes under each increment of consolidation
locad could be measured accurately with a burette. A high B-
value was not required for the resonant column test because
shear modulus and damping characteristics are not sensitive
to degree of saturation.

Sinusoidal torsional vibrations were applied
to the "free" end of the sample by means of an electromagnetic
field inducing torsional forces to four permanent magnets
which, in furn, were rigidly attached to the top cap assembly
of the sample. The magnets induced a cyclic torque to the
"free" end of the sample and the frequency of the cyclic torque
was changed until a state of resonance was attained. The ampii-
tude of vibration was monitored using an accelerometer attached
to the top cap. The accelerometer output was displayed on an
oscilloscope from which frequencies were measured. The output
amplitude was measured using a digital voltmeter. Resonance
was defined as that frequency for which the acceleration at-

tained a maximum value.
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The single amplitude shear strain, Ygar 3

- resonance was computed from the acceleration amplitude, fre-

quency, and the radius of the sample. The values reported
are those which occurred at the top outer periphery of the
sample where they are a maximum. The shear strains ranged
from about 1076 to 1074 mm/mm .

The shear wave velocity, Vg, was determined
as a function of the resonant frequency, the rotational moments
of inertia of the sample and the top cap assembly, and the

sample height.

Damping ratios at resonance were determined
from the rate of vibration decay after excitation power to the
magnets was cut off.‘ The décaying trace of the accelerometer
output was recorded on the oscilloscope and subsequently photo-
graphed for measurements of peak to péak output decay. (A
typical photograph of the damped oscillations is shown in
Appendix E).

The test was repeated using successively higher
electrical inputs to the electromagnetic system which increases
the rotational movement, making possible the determination of
shear modulus and damping at higher strain levels. The sample
was then consolidated to a next higher consolidation stress
and additional data on shear modulus and damping were made. '

c. Results - The results of the resonant column
tests are presented in tabular form in aAppendix E. The xesults
of these tests are used to determine the relationship of shear
modulus (G) and damping (v) with shear strain for the response

analysis.

In order to obtain the variation in shear modulus
and damping over the range of shear strain required for a dynamic

analysis (0.0001 to 1 percent), the results of the resonant
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column and small strain cyclic triaxial tests (as discussed
.below) were combined. The shear modulus ratio (G/Gp,y) defined
as the ratio of the shear modulus (G} at any strain to the
maximum shear modulus (Gyay), is plotted on Plates 35 and 36
for the "undisturbed" hydraulic core and reconstituted shell
materials, respedtively; It has been reported that for a

given value of shear strain, a variation in shear modulus
results from the influence of mean effective stress, Em
(Bureau of Reclamation, 1976). This variation was also ob-
served herein, and the upper and lower limits of the variation

for the materials are shown on the Plates.

As previously reported, cross-hole and down-
hole shear wave velocity measurements were made in the core,
shell and impervious rolled f£ill zones. These measurements
were used to compute values of G ., using the following relation:

it

| 2,
Crax © Vg ) 1 /9

where G shear modulus at low strains, i.e.,

max -4
@ 10 ° percent (psf)
total unit weight of soil (pcf)

Y

t
g = acceleration of gravity (ft/secz)
v

]

¢ = shear wave velocity (ft/sec)

The values of damping versus shear strain.
for the core and ghell are also shown on Plates 35 and 36.
These values were algo obtained from the dynamic tests and
are considered to. be average curves, since damping is also
strongly influenced by values of the mean effective con-
fining stress (Eﬁl.
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- 5. Small Strain Triaxial Tests

a. General - Two small strain triaxial compression
I(E) tests were performed on “undisturbed" core samples; one E
test was performed on a compacted sample of the shell mixture.
The E tests were performed to determine the shear modulus
and damping ratios of the soil at shear strains between about
11074 and 5x107> mm/mm.

b. Procedure - The specimen was set up in the tri-
axial cell, consolidated to an initial isotropic stress of
0.5 kg/cmz, and back pressure saturated. The anisotropic

consclidation stresses were applied to the specimen in in-
crements.

A small symmetrical cyclic deviator stress was
applied under undrained conditions. The load cycles were
applied at a freguency of about 0.025 Hz. Axial load and axial
strains were recorded continuously with a strip chart recorder
during cyclic loading. The cyclic deviator stress applied
to the specimen was controlled during each cycle so that the
double amplitude strains of the specimen would be approxi-
mately the same for each load cycle. Cyclic loading was con-
tinued until the applied cyclic deviator stress did not change
significantly from one cycle to the next.

After cyclic loading, the excess pore pressure
in the specimen was measured. The drainage valve to the speci-

men was then opened to allow excess pore pressures to dissipate.

, The above cyalic load procedure was repeated
at higher strain levels.

The cyclic deviator stress was plotted vs
axial strain for the last (or near to last] load cycle in
each determination.
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The stress-strain hysteresis loop was used
to determine the secant elastic modulus, Es' and damping
ratio, D, for the soil at a particular strain level. The
methods used to determine secant elastic modulus and damping
ratio are schematically shown in Appendix E-along with the
formula used to compute secant shear modulus, Gs, and the

single amplitude cyclic shear strain, Ygas

c¢. Results - The results of E tests performed on
the hydraulic core and shell specimens are presented in
Appendix E. The results include values of shear modulus (G}
and damping ( A ) for the various values of shear strain. Since
the results of the E tests are for shear strains which are
slightly larger than those resulting from the RC tests, these

data were used to develop the G/G

max 2nd Versus yg, relation-

ships shown in Plates 35 and 36.
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Station 4+82, as shown on Plate 37. Station 8+50 was selected
. because it represents the approximate maximum section of the
dam. According to the original contract drawings, the dam is
approximately 160 feet high at this location and is underlain
by a relatively shallow glacial till deposit on the upstream
side and by bedrock on the downstream side. The embankment

at Station 4+82 is approximately 80 feet high and is underlain
by a thick deposit of compact glacial till on both the up-
stream and downstream sides. The latter section was chosen
for analysis in order that the effects of the thick till foun-
dation on the dynamic response of the dam coﬁld be determined.

The core and shoulders of the dam were con-=
structed approximately to E1605‘using the hydraulic £ill
' method of construction. This method was used to separate
the fine and coarse fractions of the borrow material for =
the core and shell zones, respectively. As a result, the
outer portions of the shell contain coarser particle sizes
than the portion of the shell located nearest to the core.
To account for this variation in particle size with position,
two transition zones within the shells, both upstream and
downstream of the core, were incorporated in the analysis.
The location of these zones were based on grain-size data
in the éhells collected during construction of the dam (U.S.
Army Corps of Engineers, 1941). The "assumed" transition zones
are shown in Plate 37; other reasons for utilizing these zones
are discussed in a following section.

The static state of stress analysis is an
effective stress analysis, therefore, seepage forces must be
included to obtain the effective stress in the soil prior to
earthquake. At Knightville Dam, normal operational procedures
require that the reservoir be drained immediately after filling.
In view of the short period of storage and the low value of
permeability of the core ( = 10+4<cm/53c)’uitris unlikely
that steady seepage conditions have ever developed within the
core. For this reason, seepage forces were not included in

the analyses,
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In the analysis, the reservoir level was assumed

to be ‘at the top of the hydraulic core (E1l 605) and the phreatic
" surface through the dam was assumed as shown on Plate 37. Static
(and dyhamic) analyses were not performed for partial pool
and/or no pool conditions, because these conditions are con-
sidered to be less critical with réspect to the stability of
the dam under earthquake shaking.

The finite element'grids used in the analysis for
the embankment sections at Stations 8+50 and 4482 are shown in
Plates 38 and 39, regpectively.

D. STRESS—-STRAIN AND MATERIAI. PROPERTIES

In order to successfully determine the stresses
within an embankment, it is necessary to accurately model the
non-linear behavior of soil under load. 1In the FEADAM program,
the non-linear behavior of each soil element is modelled util-
izing a successive increment procedure. In each increment the
stress-strain behavior of the soil is considered to be linear
and governed by the generalized Hooke's Law of elastic defor-
mation for plane strain conditions (Duncan, et al. 19280). By
using Hooke's Law it is possible to model the non-linearity,
stress—-dependency, and inelasticity of the soil by varying the
values of Young's modulus and bulk modulus with confining stress.

The relationship between initial Young's modulus
(Ei) and stress used in the program'is based on the hyperbolic
stress-strain behavior exhibited by most soils. The expression
has been derived eisewhere (Kulhawy, Duncan, and Seed, 1969),
and is as follows (for primary loading only):

: 2 n
R. (l-sing¢) (0,-0.) o
E. = 1 - £ 1 3 K.Pa —"—'3'
. 20.cos¢+263.sin¢ - Pa
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Similarly, the relationship between bulk modulus (B) and con-
"fining stress.(c3) used to determine volume change under lecad
is defined by Duncan, Wong and Ozawa (1980) as follows:

\
B =KP_ |-z

b a P
a

To solve the constitutive equations, each of the
parameters is required as input for the analysis. The defini-
tion and function of these parameters are presented in Table IQ,

Table 10

SUMMARY OF THE HYPERBOLIC PARAMETERS
(From Duncan, Wong and Ozawa, 1980)

Parameteyx Name ) ' Function
¥, Kur Modulus number
Relate E, and E to O
. i ur 3
n Modulus exponent
C Cohesion intercept
Relate (0,-0.)_ to ©
.. - 1 73 f 3
¢, A9 Friction angle parameters
R Failure ratio Relates (Gl 03)ult to | 1 3)f
Kb Bulk modulus number | Value of BJPa at 03 = Pa
in B/ f ten-fold
m Bulk medulus exponent ?hange ln. - or e °
increase in T,

NOTE: The values of strength parameters (C,¢) and principal
stresses (c G ) to be used in the egquations must be consistent
with the type of strength tests performed, i.e., R, R S-tests.
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In order to compute the values of Modulus number
(K} and exponent (n), transformed hyperbolic stress—strain.re—
lations were plotted using the consolidated-drained triaxial
" (S) test results for the "undisturbed" hydraulic cbre and re-
constituted hydraulic shell specimeﬁs, as shown on Plate 40.
From these plots values of Ei/Pa agd 03/Pa (Pa equals atmos-
pheric pressure) are plotted to determine the values of K and
n, as shown on Plate 41. In this procedure the value of Ei is
taken as the inverse of the intercept of the transformed stress
value, (01—03)/ea at zero percént strain, and n is the slope
of the line.

Duncan, Byrne, Wong and Mabry (1980) describe the
procedure for computing the bulk modulus (B) from the volume
change data obtained from éonsolidated—drained triaxial tests.
The results of this procedure are'plotted on Plate 42.

Table 11 provides a summary of the soil properties
used in the FEADAM analysis. Since laboratory tests were per-
formed on core and shell samples only, the values for the other
embankment and foundation zones listed in Tablell were obtained,
as discussed below. | '

_ During the pre-construction investigation, borehole
and laboratory test data were obtained for the glaical till
foundation (See U.S. Army Corps of Engineers, 1939). Values

of initial void ratio computed for this material ranged between
0.3 and 0.4; these values indicate that the pre-construction
material was in a relatively dense state. In order to adequately
model this material in the FEADAM analysis, high values of unit
weight and friction were assumed; these assumed values arxe con-
sistent with values obtained on similar materials and the pre-
construction test data shown on Plate 15. The elastic and bulk
moduli parameters were assumed based on the values presented by
Kulhawy, et. al. (1969, Tables 2 and 4).and'Duncan, et,., al.
(1980, Table 5).
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SOIL PARAMETERS USED IN NOMN-LINEAR

TABLE 11

STATIC ANALYSIS -~ FEADAM

VALUES USED IN ANALYSIS

: Inpervious Hydrau- Hydrau- Upstream Downstream
S0IL Rolled lic lic Tran- Tran— Glacial
PARAMETER SYMEOL Fill* Core Shell sitions sitions Till
“#1 $2 #1 $2
Saturated Unit Weight Yg 120" 116 147 147 147 147 147 155
(pcf)  l4o0* 140% 140* 140*
Buoyant Unit Weight Ty - 54 85 85 85 85 85 90
(pet)
Cchesion c 2,600 0 0 0 0 0 0 0
(psf)
Friction Angle 25 36 41% 41 41 41 41 45
{(degrees)
Flastic Modulus K 300 185 780 383 581 383 581 1,600
Parameters n 0.76 0.20 0.54 0.31 | 0.42 0.31 0.42 0.20
K
Bulk Modulus b 430 44 430 172 301 172 301 952
P
arameters m 0.05 0.40 0.05 0.26 0.13 0.26 0.13 0.20
Failure Ratio Re 0.90 6.76 0.91 0.91 0.91 0.91 0.91 0.67

* Moist Unit Weight

t A slightly higher value of ¢ was chosen to refliect the plus
%-inch size particles not used for preparing laboratory test specimens.




The "assumed" values shown in Table 11 for the .
upstream and downstream transitions were based on the values
obtained from the laboratory tests on the core and shell sam-
ples., The assumed values of unit weight, cohesion and fric-
tion for the transitions were equivalent to those computed in
the laboratory for the hydraulic shell, However, the elastic
and bulk moduli parameters were computed by a linear interpre-
tation of the core and shell values.

The values shown in Table 11 for the impervious
rolled £ill zone were based on visual classification and labora=-
tory index tests performed on split spoon samples obtained during
the field exploration program. The results indicate that this
zone contains varying amounts of silts and clays (See Subsur-
face Exploration Logs in Appendix A). As a result a relatively
low value of unit weight and angle of internal friction were
assumed for this zone, and a reasonable value of cohesion (2600 psf)
was assumed. For the elastic and bulk moduli parameters, the
assumed values were based on the references previously reported
for the glacial till,
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E. RESULTS OF STATIC ANALYSIS

The results of the analysis for each of the embank-
ment sections are shown on Plates 43 through 46. Plate 43
/6., (shear stress

Xy’ ¥

Ty orfrfc,.divided by the effective

vertical stress, 3&), and 3& within the embankment and founda-

tion for the section at Station 8+50. Similarly, Plate 44
shows contours of equal value of K, = Eic/33c (principal con-

shows contours for equal values of o = 1
on a horizontal plane,

solidation stress ratio) and 3& (effective horizontal stress).
Plates 45and 46 show the contours of these same values for -
the embankment gection located at Station 4+82,. '

The static stresses and ratios of static stresses
shown on the Plates are consistent with stresses computed for
dams of similar geometry (See Marcuson and Krinitzsky, 1976). It
should be noted that these computed static stresses are assumed
to exist in the dam just prior to the éeismic event. In actu-
ality the stresses probably differ since the embankment has,
since construction, undergone numerous loading and unloading
cycles which would be extremely difficult to model in the
analysis. ' '

As previously mentioned, two upstream and down —
stream transition zones were used in the analysis. Preliminary
FEADAM analyses were performed without these zones, and the
results showed that at the assumed upstream and downstream core/
shell contacts,relatively high and unséfe static stresses
existed. The high values were considered to be a manifestation
of the analyses since only one set of elastic stress=strain '
properties (K, n, K, m) were used to characterize the voluminous
upstream and downstream shells. Therefore, in order to elim-
nate this unreasonable condition, transitions were assumed
for the analysis. This assumption was considered to be appro-
priate based on the variation in particle size within the shell,
as previously discussed,
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VIII. DYNAMIC ANALYSIS
A. '~ GENERAL

_ There are several methods available for evalua-
ting the dynamic response ahd/or liquefaction potential of
embankment dams subject to an earthquake. These methods
include:

Py Simplified analyses based on the observed
performance of actual sites subject to known

earthquake activity, and

° Computer analyses to determine the dynamic
stresses in the dam and to compare these
stresses with the cyclic shear resistance
obtained from laboratory tests.

The methods utilized in this study include
a "simplified" semi-empirical analysis using standard pene~
tration test data, and computer analyses using both a one-
dimensional program entitled SHAKE and a two-dimensional fi-
nite element program entitled FLUSH. A description of each

method and the results obtained are presented herein,

B. FAILURE CRITERION

In 1978, the American Society of Civil Engineers
Committee on Soil Dynamics published a list of standardized
definitions of terms related to liquefaction. According to .
the Committee (ASCE, 1978), ligquefaction is defined as follows:

"the act ox process of transforming any
substance into a liquid ...ceveeeceens
as a consegquence of increased pore

pressure and réduced effective stress."

The liguefaction potential of a soil is detexr-
mined from either large scale cyclic load tests performed in
the field or cyclic load tests performed in the laboratory.
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In either type of test, ligquefaction is considered to occur
when the pore water pressures generated during cyclic loading
increase and are maintained very near or at the level of the
confining pressure (03) applied to'the soil., Having deter-
mined the soil response to cyclic tests, it is then possible
to assess the seismic stability of the dam.

It is also possible to assess the overall sta-
bility of the dam by using a strain potential assessment pro-
cedure. In this procedure, the cyclic shear resistance of
'the soil, or the level of cyclic stress required to produce
a given amount of strain in a specified number of cycles
(ASCE, 1978), is measured in the laboratory on samples con-
solidated to different initial static stress conditions. This
resistance is then compared to the average dynahic shear stress
induced by the earthquake. TIf the earthquake stresses exceed
the cyclic resistance for a given strain potential limit, then
the soil is considered to have failed or liquefied. On the
other hand, if the reverse occurs, the soil element is con-
sidered stable. According tb'Serff, et al. (1976), the strain
potential assessment procedure offers greater guidance in as-
sessing embankment performance under seismic shaking.

For the one- and two-dimensional computer anal-
yses of Knightville Dam, the strain potential criterion was
used. A cyclic resistance corresponding to a five percent
axial strain was set as the strength criterion, this value is.
consistent with the values recommended and/or used by others
(Serff, et al. (1976); Seed, et al. (1973); Marcuson, et al. (1979}).

C. SIMPLIFIED ANALYSIS - SEED AND IDRISS PROCEDURE

1. Gehneral - During the past few years, simpli-
fied procedures have been deveioped to assess the liquefac-
tion potential of soils. These procedures are considered
"gimplified" because they are based on field borehole data

and do not require sophisticated computer analyses. One
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popular procedure proposed by Seed and Idriss (1971 and 1981},
requires that standard penetration resistance values obtained
at a site underlain by sand be compared with a comprehensive
collection of resistance values taken at various sites under-
lain by similar soil deposits where liquefaction or no lique-
faction was known to have taken pléce.

The SEED and IDRISS PROCEDURE has been used
in this study to assess the liquefaction potential of the
hydraulic core at Knightville Dam by using the standard penetration
test (SPT) data obtained from the crest boreholes. The proce-
dure was not used, however, to assess the liquefaction of the
hydraulic shell, since the SPT-values obtained from the down-
stream boreholes in the shell are not considered to be repre-
sentative,

2. Method of Analysis ~ As previously mentioned

the simplified analysis is based on actual performance records
collected at "liguefied" and "non-liguefied" dites. The procedure
was first published by Seed and Idriss {(1971) and was based on
the performance records available at that time, Since then,

more field data has become available and these data are incor~
porated into the empirical charts presented in the new proce-

dure (Seed and Idriss, 1981) and discussed herein,

In the analysis, the value of cyclic shear
stress ratio on a horizontal surface at some depth required to
cause liquefaction is defined as follows:

(Th) A o]
—=2 = 0.65 x /= x —> X 14
o, g C
where ('rh)av = average cyclic shear stress devel-
g oped on a horizontal surface
A = maximum acceleration
max ‘
p = initial (pre-earthquake) effective over-
o burden pressure on layer under consideration
Oy = initial (pre-earthquake) total overburden
_ pressure
rq = a stress reduction factor
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In this expression the 0.65 factor is used to convert the .
value of maximum shear stress to aﬁ equivalent average stress
level, and the ra factor is a measure of the soils ability to
deform under load. The variation of r
Plate 47.

a with depth is shown on
Values of dyclic stress ratio known to be associ-
ated with liquefaction or no liquéfaction in the field for various
magnitude earthquakes have been plotted as a function of the
modified standard penetration resistance (Nl)' which is the
measured penetration resistance corrected to an effective over-
burden pressure of one ton per square foot, based on the re-
sults of Gibbs and Heltz (1957). (See Plate 47) The value of N1

is computed, as follows:

Nl = CN x N
where Ny = modified standard penetration resistance
CN = correction factor for effective overburden
pressure
N = standard penetration resistance from

field program (blows/foot)

Plate 47 shows the relationship of modified
penetration (Nl) and average cyclic stress ratio (Th/6§ or
(Th)avg
plot above a given earthquake magnitude curve would indicate
liquefaction potential; values that plot below a given curve
would indicate no liquefaction potential. Thus for any

/EO) for various magnitude earthquakes. Values which

given value of maximum ground acceleration, the possibility
of liquefaction can be obtained with the aid of this chart.

3. Results of Simplified Analysis - Plate 48 shows

the results of the simplified analysis performed for the core;
Plate 47 provides a sample calculation utilizing this simpli-
fied procedure. For the aﬁalysis an Amax value of 0.20g was
used; this value corresponds to the maximum peak ground accele-
ration of the base rock for the Maximum Credible Event. As
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previously reported, this event is likely to occur at Cape
Ann, Massachusetts, and have a magnitude of 6.5. The maximum
peak qrouhd acceleration used for analyses of the Operating
Basis Earthguake was 0.086g, corresponding to a magnitude 5.5
event which is also likely to occur at Cape Ann.

The results shown on Plate 48 indicate that for
the lower bound curve and mean curve of rd(See Plate 47), almost
all of the cyclic stress ratios (Th/dv) plot below the liguefac-
tion boundary curve (assumed M = 6 3/4), indicating that no lique-
faction is likely to occur at the depths shown. However, if the
upper bound curve of ry is used, then there is the potential for
liquefaction within the core at depths ranging from 50 to 110 feet.

A similar analysis was performed for the Operating
Basis Earthquake. For this event, all of the data plot below the
M = 5% boundary curve, indicating that there is little likelihood
of liquefaction in the core due to this event. As previously men-

tioned, a Simplified Analysis was not performed for the shell.

The results of the Simplified Analysis are ambiv-
alent and depend on the value of rg chosen for the analysis; Also
the empirical charts shown in Plate 47 depend on the reliability of
field data and do not take into account other significant factors
such as the duration of shaking, In addition the simplified results
are only useful for a preliminary evaluation of liquefaction poten-
tial and only applicable to the embankment section investigated.

In recognition of the limitations of the Simplified Analysis the
results of a detailed laboratory investigation and several dif-
ferent response analyses using more sophisticated computer tech-
nigques were performed in this study; the results are presented

in the following sections.
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" D. ONE-DIMENSIONAL ANALYSIS

1. General - A one-dimensional response analysis
was performed to evaluate the respongse of the dam and founda-
tion to the earthguake events. The- procedure used for the
analysis, utilizes strain—dépendent values of shear moduli and
damping., Although the results obtained from a one-dimensional
analysis are not directly applicable to a dam, due to the as-
sumptiops outlined below, this procedure was used in order to
compute, relatively quickly and economically, the response
of the embankment to the Operating Basis and Maximum Credible
Events and to compare the results with the Simplified Analysis
and the Two-Dimensional Analysis results.

2. Method of Analysis - The one~dimensional com-

puter program used for this analysis is named SHAKE. The pro-
gram was developed by the University of California at Berkeley
for earthguake response analysis of horizontally layered sites.,
{Schnabel, Lysmer and Seed, 1972). A listing of the computer
pfogram has been presented as an Attachment to the Dynamic Res~
ponse Analysis Report; a general description of the output is
presented in Appendix F.

_ The program is used to compute the dynamic
response of an assumed system of homogeneous, viscoelastic soil
layers of infinite lateral extent to vertically travelling
shear waves. In the prodgram, non—lihearity of shear modulus
and damping is accounted for by use of equivalent linear soiln
properties to obtain values of modulus and damping compatible
with the effective shear strains computed in each horizontal soil
layer. According to Schnabel, et al. (1972), the following
assumptions are made in the analysis: (1) the soil layers
are finite in the horigzontal diredtion, (2) the response in
the soil layers is caused by the upward propagation of shear
waves from the underlying rock, and (3) the strain dependence
of modulus and damping is accounted for by an equivalent linear

procedure.
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In this analysis, the Puddingstone Reéervoir
strong motion record was scaled to the Operating Basis and
Maximum Credible Events. In SHAKE the motions are represented
by a time series of horizontal acceleration. These motions
are used by the program to compute the maximum values of dynamic
stresses and shear strainsg, and the dynamic stress and ac~
celeration time histories at the middle of each layer, ahd the
maximum values of acceleration at the top of each soil layer.

3. Determination ~ For grahular soils

K2 (Max)
it has been shown that the value of shear modulus (G) is a
function of void ratio (or relative density), confining pressure
and strain amplitude (Seed and Idriss, 1970). The expression
used to relate shear modulus to these important parameters is:

G = 1000 K2(5m>*

where G = ghear modulus (psf)
Em = mean effective confining pressure (psf)
K2 = constant which depends on void ratio

and strain amplitude

The program SHAKE uses this expression to com-
pute values of G for varying shear strain.

The value of K2 is a maximum at very low shear

strains, and is determined using the computed value of G from
—4 2 . " i -

nax = VS p). Table 12, pre-

which were computed using the field

shear wave velocity measurements (G
sents the values Of'Kz(max)

data. Also shown in the Table are the values of K which

2 {max)
were computed from the resonant column (RC) laboratory test
data using the value of shear modulus computed at 10-'4 percent

strain for each test specimen.

Based on the data presented in Table 12, the
average value of KZ(max) for the hydraulic core was estimated
to be about 33. For the hydraulic shell, average values of
115 and 70 were computed from the field investigation and re-

sonant column testing, respectively. Seed and Idriss (1970)

VIII-9



Table 12

DETERMINATION OF<K2 MAX FROM FIELD DATA
AND LABORATOR§ TE%T DATA FOR
SHAKE ANALYSES

FIELD
(1) = (3)
Depth Vs Gmax % K
Material (feet) (fps) {ksf) {psf) C 2 (max)
Core 70 900 2,936 5,454 .39
Shell 40 1,240 6,590 3,276 " 115
LABORATORY (RC TESTS)
- - (2)
e Gmax K
Material (psf) {ksf) 2 (max)
Core 14,340 4,140 35
Core 7,380 3,010 35
Core 2,050 1,430 32
Shell , 6,780 6,900 84
Shell 3,380 4,550 78
Shell 13,520 6,620 57
, 2
(1) Gmax = pVs ! Ycore = 116 pef, -Yshell 145 pef
_ X
(2) Gmax = K2(max) . 1,000 . (om)‘ H
Em (field) = Ec (lab) (assumed)
- (L + 2 K)o :
(3) Um = eV oy KO {core & shell) = 0.42 (assumed)

3

(4) Water level in core assumed at El 560; moist conditions
assumed in shell during Vs measurement investigation.
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show K values for sand at different relative densities;

2 {(max)
for dense sands, the values of K2 determined at very low strain
from laboratory tests ranged between 50 and 75. Based on Seed

and Idriss' findings, a value of 70 for K was used in

2 (max)

K
2 (max)
rolled fill, till and riprap were obtained from Seed and Idriss

(1970).

the analysis for the hydraulic shell. values for the

In the SHAKE program two of the pertinent in-
put data required are the G/Gmax and damping ratio reduction
curves for the materials being considered in the analysis,

The program is limited however to the use of only one reduc-
tion curve each for G/Gmax and damping (Schnabel, et al.1972).
This means that the variation in G/Gmax and damping ratio as a
function of shear strain is the same for each material. The
absolute value of shear modulus however changes since G is com-
puted from Gmax values input for each material. The analyses
performed for this work used the G/Gmax reduction curve appli-
cable to the hydraulic core for all the materials in the ver-
ﬁical soil column taken at the crest sections (See Plate 35);

for the upstream sections, the G/G reduction curve appli-

max
cable tc the shell material was used for all materials in the
2 (max) and the

corresponding G/G_,, Teduction curves used in the analyses

s0il column (See Plate 36). The values of K

are as follows:

G/G Reduction
_ R max
Material 2 {max) Curve Used
Core ' 33 . Core
Shell 70 Shell
Rolled Fill 127 Core +
Till 140 Shell and Core’

Riprap 16 Shell

4. Results of One-Dimensional Analysis ~ The

results of the one-dimensional SHAKE analysis are shown on
Plates 49 through 52 for vertical soil profiles through the

1 For upstream vertical soil column, shell curve used; for

crest vertical soil colu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>